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BACKGROUND: The adverse effects of particulate matter (PM) air pollution have 
been confirmed by many epidemiological studies. Fine and coarse particles should be 
considered as separate classes of pollutants and measured separately. Differentiating 
the effects of fine (PM2.5, particles with an aerodynamic diameter less than 2.5 
microns) and coarse particles (PMc, particles with an aerodynamic diameter between 
2.5 and 10 microns) would help in the future to support a PMc standard. Meanwhile, 
ambient air pollution is a complex mixture of PM and gaseous pollutants. PM might 
interact with gaseous pollutants to affect the population health. 
STUDY OBJECTIVES: To differentiate the effects of fine and coarse fractions of 
PM10 and to explore the possible interaction between PM10 and gaseous pollutants 
(nitrogen dioxide, NO2; sulfur dioxide, SO2; ozone, O3) on emergency hospital 
admissions for cardio-respiratory diseases in Hong Kong. 
METHODS: This is a time series study. Daily counts of emergency hospital 
admissions for cardio-respiratory diseases, daily mean air pollution concentrations 
and weather conditions were collected from January 1998 to December 2007 in 
Hong Kong. We used generalized additive Poisson model with log link allowing 
 vi
overdispersion and autocorrelation to examine the differential effects of PM2.5 and 
PMc. Three parallel time series approaches (bivariate response surface model, joint 
effect model and parametric stratified model) were used to explore the possible 
interactions between PM10 and gaseous pollutants. 
MAIN RESULTS: The associations between PMc and emergency hospital 
admissions were statistically significant for respiratory diseases but not for 
circulatory diseases. In two-pollutant (PM2.5 and PMc) model, an interquartile range 
increase in the 4-day moving average (lag03) concentrations of PMc and PM2.5 
corresponded to 1.05% (95% CI: 0.19%, 1.91%) and 1.81% (95% CI: 0.76%, 2.87%) 
increase of respiratory admissions, respectively. The effect estimates of PM2.5 and 
PMc remained robust when adjusting for gaseous pollutants. Meanwhile, an 
interquartile range increase in lag01 concentrations of PMc and PM2.5 was associated 
with -0.16% (95% CI: -1.07%, 0.76%) and 1.86% (95% CI: 0.85%, 2.88%) change 
of circulatory admissions, respectively. Some interactions between PM10 and gaseous 
pollutants were found. The effects of PM10 on circulatory hospitalizations were 
greatest during the days when NO2 or SO2 concentrations were high (the 3rd tertile, 
NO2>64.4 or SO2>20.9μg/m3). The effects of PM10 on both respiratory and 
circulatory admissions were greatest during the days when O3 concentrations were in 
low to medium levels (<=46.8μg/m3). 
CONCLUSION: We found PMc to be associated with emergency hospital 
admissions for respiratory diseases independent of the effect of PM2.5, but not for 
circulatory diseases in Hong Kong. The effects of PM10 on cardio-respiratory 
hospital admissions were modified by gaseous pollutants. There were synergetic 
interactions between PM10 and NO2 or SO2 on cardiac hospitalizations and 
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antagonistic interactions between PM10 and ozone on cardio-respiratory 
hospitalizations. These findings provide supportive evidence for a future PMc 


















區別估計顆粒污染物 PM10 中粗、細顆粒的健康危害作用，并探討 PM10
與氣態污染物（二氧化氮，NO2；二氧化硫，SO2；臭氧，O3）的交互作
用。 







研究結果：研究發現，在校正了 PM2.5 的影響后，PMc 對呼吸系統疾病導
致的急性入院作用顯著，但對心腦血管疾病引起的急性入院則無明顯作
用。在雙污染物（PMc 和 PM2.5）模型中，空氣中每一個 IQR（四分位數
間距）的 PMc 和 PM2.5 濃度的增加將使每天急性呼吸系統疾病入院數分別
增加 1.05% (95% CI: 0.19%, 1.91%)和 1.81% (95% CI: 0.78%, 
2.87%)，使急性心腦血管疾病入院數分別改變 -0.16% (95% CI: -1.07%, 
0.76%) 和 1.86% (95% CI: 0.85%, 2.88%)。研究發現某種程 6 度的顆
粒污染物和氣態污染物的交互作用。在 NO2 或 SO2 高水平（NO2 濃度高於
64.4μg/m3 或 SO2 濃度高於 20.9μg/m3）的日子里，PM10 對急性心臟疾病
入院率的影響高於 NO2 或 SO2 低、中水平的日子；而在臭氧高水平（O3
濃度高於 46.8μg/m3）的日子里，PM10 對急性呼吸和循環系統疾病入院率




PM10 與 NO2 或 SO2 之間的協同作用，以及 PM10 與 O3 之間的拮抗作用。 
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Chapter 1  Introduction 
The association between particulate matter air pollution and cardio-respiratory 
hospital admissions has been confirmed in many epidemiological studies worldwide 
over the past two decades (Anderson et al. 2001; Atkinson et al. 2001; Bell et al. 
2004; Dockery 2009; Dominici et al. 2006; Ilabaca et al. 1999; Le Tertre et al. 2002; 
Morris 2001; Norris et al. 1999; Sacks et al. 2011; Slaughter et al. 2005). Most of the 
studies focused on particles with an aerodynamic diameter less than 10 microns 
(PM10) or 2.5 microns (PM2.5). And it was commonly accepted that the association 
between PM10 and cardio-respiratory diseases might be the result of an underlying 
association of health effects with fine particles (particles with an aerodynamic 
diameter less than 2.5 μm, PM2.5) (Englert 2004; Levy et al. 2000; Schwartz and 
Neas 2000). Only in recent years have researchers begun to separately address the 
health effects of coarse particles (particles with an aerodynamic diameter between 
2.5 and 10 microns, PMc), firstly because PMc were initially considered as 
potentially less toxic than fine particles due to their large size and small surface area 
to mass ratio (Bell et al. 2004; Wilson and Suh 1997), and secondly because of the 
scarce PMc measurement data or the simultaneous PM10 and PM2.5 monitoring data. 
The large National Mortality, Morbidity and Air Pollution Studies (NMMAPS) 
conducted in 108 US urban counties failed to find significant effects of PMc on both 
respiratory and cardiovascular admissions, but the effects for PM2.5 were larger in 
magnitude and significant (Dominici et al. 2006; Peng et al. 2008). A systematic 
review of studies on chronic obstructive pulmonary disease, asthma, and respiratory 
admissions noted that excess relative risks (ERRs) in response to short-term exposure 
to PMc were similar to or larger than corresponding estimates for PM2.5, and 
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suggested that PMc might have adverse effects on the respiratory system (Brunekreef 
and Forsberg 2005). However, it was less support for a PMc effect on cardiovascular 
admissions. Several subsequent studies also reported significant positive associations 
between PMc and respiratory hospital admissions but not cardiovascular admissions 
(Atkinson et al. 2010; Chen et al. 2005; Halonen et al. 2009; Host et al. 2008; Lin et 
al. 2005; Tecer et al. 2008;).  
Most of the previous time series studies on the health effects of air pollution in Hong 
Kong have focused on PM10 due to a lack of PM2.5 monitoring data (Wong CM et al. 
2001, 2002, 2008a, 2008b; Wong TW et al. 1999, 2002; Wong GWK et al. 2001). A 
few studies used the limited PM2.5 data (Lee et al. 2006; Ko et al. 2007a, 2007b; 
Wong TW et al. 2006) and no studies considered the effects of PMc. The criteria 
pollutants monitored in Hong Kong only include PM10 and gaseous pollutants, and 
the Environmental Protection Department (EPD) is considering PM2.5 regulation. 
Currently a standard specifically for PMc is not in place or under consideration due to 
the limited data of independent adverse health effects of PMc. Additional studies that 
specifically examine the adverse health effects of PMc could help in the future to 
support a PMc standard. In the first part of this study (Chapter 3), we conducted time 
series analyses to estimate the differential health effects of PM2.5 and PMc 
simultaneously on emergency hospital admissions for respiratory and circulatory 
diseases in Hong Kong, while taking into account for the gaseous pollutants and all 
time varying confounders. We hypothesized that there were some different effects of 
PM2.5 and PMc on respiratory and cardiovascular hospitalizations.  
Air pollution is a complex mixture of particles and gaseous pollutants to which 
humans are simultaneously exposed. However, the assessment of health effects of air 
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pollution has largely focused on the single-pollutant approach aimed at estimating 
the increasing risk of adverse health outcome associated with the exposure to a single 
air pollutant, because the criteria pollutants are regulated individually. Besides the 
particulate matter, the oxidant pollutants (gaseous pollutants including NO2, O3 and 
SO2) were also identified as very important determinants of health effects in Hong 
Kong, for both mortality and morbidity from cardio-respiratory diseases (Wong CM 
et al. 1999, 2001). A previous time series study conducted in Hong Kong reported 
that a 10 μg/m3 increment of current day PM10 was associated with about 0.7 and 0.5 
percent increase of emergency admissions from respiratory diseases and cardiac 
diseases, respectively among those aged 65 or above. The corresponding effect sizes 
for current day NO2 were 1.3 and 1.2, for lag1 O3 were 0.6 and 0.5 respectively 
(Wong CM et al. 2002).  
The effect of a single pollutant identified from single-pollutant approaches was seen 
as a proxy for another air pollutant or for a mixture of air pollutants (Schlesinger 
1995). The scientific community and the US Environmental Protection Agency (EPA) 
are moving toward a multipollutant approach to quantify the health consequences of 
air pollution mixture as a whole, which requires an understanding of the joint effects 
or interaction between pollutants (Dominici et al. 2010).  
Only a few epidemiological studies have investigated the interactions between 
particulate matter and gaseous pollutants. A time series study conducted in Seoul, 
Korea examined the effects of PM10 stratified by the median concentrations of the 
gaseous pollutants and vice versa, and found that these pollutants were interactive 
with respect to their effects on the risk of stroke mortality (Hong et al. 2002). 
Another Hong Kong study detected some significant positive interactions between 
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NO2, O3, and PM10 on hospital admissions for cardio-respiratory diseases (Wong TW 
et al. 1999). A study in Helsinki, Finland observed that O3 increased the influence of 
PM10, NO2, and SO2 on mortality, especially when O3 concentration was high (i.e., 
>42μg/m3). Interactive effects were also observed between NO2 and the other 
pollutants, starting from rather low NO2 concentration (i.e., 24+ μg/m3, 10th 
percentile) (Ponka et al. 1998). Some other researchers reported a harmful interaction 
at very high concentrations (higher than 200μg/m3 or 90th percentiles) of PM10 and 
O3 (Chen et al. 2007; Revich and Shaposhnikov 2010; Tellez-Rojo et al. 2000). On 
the other hand, two studies reported no interaction between particles and gaseous 
pollutants on daily mortality (Simpson et al. 1997; Sunyer and Basagana 2001).  
The evidence from epidemiological studies in the literature about the interaction 
between PM10 and gaseous pollutants was quite inadequate and inconclusive. The 
statistical approaches used and power to detect interaction might not be adequate in 
many previous studies. In the second part of this study (Chapter 4), we used three 
time series approaches including bivariate response surface model (Roberts 2004), 
joint effect model (Tse et al. 2011; Wang et al. 2009) and parametric stratified model 
(Ren et al. 2006, 2008a, 2008b) to examine the joint effects of PM10 and gaseous 
pollutants one by one. We hypothesized there were some possible interactions 
between PM10 and oxidant gases on emergency hospital admissions for 
cardio-respiratory diseases in Hong Kong. 
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Chapter 2  Literature Review 
2.1. Review on the differential health effects of fine and 
coarse particles 
2.1.1 A brief description of particulate matter air pollution 
Particulate matter (PM) refers to the solid or liquid particles suspended in the 
atmosphere. PM has many sources and can be either primary or secondary in the 
origin. Primary PM is emitted directly and can be either coarse or fine, whereas 
secondary PM, which tends to be finer in size, is formed in the atmosphere through 
physical and chemical conversion of gaseous precursors such as nitrogen oxides 
(NOx), sulfur oxides (SOx), and volatile organic compounds (VOCs). For regulatory 
and scientific purpose, PM is measured according to the mass concentration within a 
specific size range (Figure-1 and Table-1). 
 
Figure- 1 Size distribution of particulate matter in the air (Wilson and Suh 1997) 
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Table- 1 Measures of different particle metrics in the air 
Particle metric Definition 
Black smoke or British 
smoke (BS) 
A non-gravimetric measure in which air is passed through a filter paper 
and the darkness of the resulting stain is determined. 
Coefficient of haze 
(COH) 
Measure of the intensity of light transmitted through a filter with particles 
relative to that of a clean filter. 
Total suspended particles 
(TSP) 
Particles suspended in the air, with an aerodynamic diameter up to 
approximately 45 microns. 
PM10 Particles with an aerodynamic diameter no larger than 10 microns 
Fine, PM2.5 Particles with an aerodynamic diameter no larger than 2.5 microns 
Coarse, PM10-2.5, PMc Particles with an aerodynamic diameter between 2.5 and 10 microns 
Ultrafine, PM0.1 Particles with an aerodynamic diameter no larger than 0.1 microns 
 
Particle size is characterized by aerodynamic diameter, which is the diameter of a 
uniform sphere of unit density that would attain the same terminal settling velocity as 
the particle of interest. This measure facilitates size comparison among irregularly 
shaped particles and refers to the physical behavior of the particles rather than the 
actual size. Aerodynamic diameter is determined by a particle’s shape and density. 
TSP can be measured by a high volume sampler; however, this method does not 
collect all particles in the entire coarse mode, as does a wide area aerosol classifier 
(WRAC) (Figure 1). But in this literature review, coarse particles refers to the 
particles with an aerodynamic diameter between 2.5 and 10 microns, supposing the 
particles with an aerodynamic diameter larger than 10 microns would be cleared 
away quickly in the upper airway and have much less health impact (Lippmann et al. 
2000). 
Size characteristics are linked to sources and are a determinant of atmospheric 
transportation, environmental deposition, and the pattern of deposition in the 
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respiratory system. In typical urban environments, there are two broad sets of source 
categories: (a) combustion sources, including mobile sources (predominantly 
vehicles) and stationary sources (primarily industrial sources and power plants); and 
(b) mechanical forces, including wind, and vehicle traffic and other activities. The 
smaller particles result from combustion and stationary sources, whereas the larger 
particles tend to come from mechanical forces, such as wind or road traffic. In recent 
health effects research, emphasis has been placed on the smaller particles because 
they are in the size range that penetrates into the lung without being removed in the 
upper airway. Fine and coarse particles are separate classes of pollutants and should 
be measured separately in research and epidemiologic studies (Wilson and Suh 
1997).  
2.1.2 The objective of this part of literature review 
The associations between particulate air pollution and cardio-respiratory mortality or 
morbidity have been reported in many epidemiological studies over the past 2 
decades. Most of the studies focused on PM10 or PM2.5 (Anderson et al. 2001; 
Atkinson 2004; Bell et al. 2004; Dominici et al. 2006; Ilabaca et al. 1999; Le Tertre 
et al. 2002; Lipsett et al. 1997; Morris 2001; Norris et al. 1999; Samet et al. 2000; 
Schwartz and Neas 2000; Slaughter et al. 2005). It was commonly accepted that the 
association between PM10 and cardio-respiratory diseases may be the result of an 
underlying association of health effects with fine fraction (Dominici et al. 2006; 
Levy et al. 2000; Schwartz and Neas 2000). Only in recent years have researchers 
begun to separately address the health effect of coarse particles (particles with an 
aerodynamic diameter between 2.5 and 10 μm, PMc), firstly because PMc were 
initially considered as potentially less toxic than fine particles due to their large size 
and small surface area to mass ratio (Bell et al. 2004; Wilson and Suh 1997) and 
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secondly because of the scarce PMc measurement data or the simultaneous PM10 and 
PM2.5 monitoring data. The criteria pollutants monitored in Hong Kong only include 
PM10 and gaseous pollutants, and the Environmental Protection Department (EPD) is 
considering PM2.5 regulation. Currently a standard specifically for PMc is not in place 
due to the limited data available and not enough evidences from epidemiological 
studies to support a PMc standard. The objective of this literature review is to give a 
comprehensive summary of studies that have investigated PM2.5 and PMc 
simultaneously and examined the epidemiological evidence for the effects of coarse 
particles on health. 
2.1.3 Methods 
2.1.3.1 Inclusion and exclusion criteria of studies/papers 
Published epidemiological studies including both time series studies and case 
cross-over studies that examined the short-term effects of PM2.5 and PMc 
simultaneously on mortality or morbidity (hospital admissions, emergency 
department visits, etc.) were traced through Medline and reviewed. Because there 
was a systematic review published in 2005, which gave a comprehensive summary 
on the “Epidemiological evidence of effects of coarse airborne particles on health” 
(Brunekreef and Forsberg 2005) and another review published in 2004 on “Fine 
particles and human health” (Englert 2004), this present review focused on the 
studies published after 2004. References of each publication were checked and 
principal articles were retrieved as well. The emphasis was on comparing effects 
estimates for fine and coarse particles within studies, so we only included studies 
giving coefficients for both fractions. 
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2.1.3.2 Search terms and keywords 
While doing the literature search, we used the keywords or terms listed as follows: 
(1) Air pollution: coarse particle OR coarse particulate matter OR PM(10-2.5) OR 
particle metrics OR particle fractions; 
(2) Study design: time series OR case-crossover; 
(3) Health outcome: mortality OR morbidity OR hospital admissions OR emergency 
room visits OR emergency department visits. 
We also set limits for selection of human studies published in English since January 
1, 2004. 
2.1.3.3 Information abstracted 
For each article meeting the inclusion criteria, we abstracted the information 
including study location and period, concentrations of PM2.5 and PMc, correlation 
between PM2.5 and PMc, the main study outcomes, effect estimates for both PM2.5 
and PMc, the lag structure, etc. The effects estimates were expressed as relative risk 
(RR) or excess relative risk (ERR, (RR-1)×100, in percentage change) associated 
with an interquartile range (IQR) or a 10 μg/m3 increase of particles concentrations. 
Effects expressed as percent increase per IQR change of PM is better for the 
comparison purpose. However, they are always expressed as percent increase per 10 
μg/m3 change of PM in multicity studies, which are not applicable to change to “per 
IQR change”. So we just abstracted the information on effect estimates as those 
showed in the original articles, but indicated the unit used as “per IQR” or “per 
10μg/m3”. 
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Some studies reported several effect estimates on different health endpoints for both 
fractions; in this Review one or a few were chosen to be representative of the study, 
ensuring that the effect estimates for PM2.5 and PMc were from a strictly comparable 
set of data within the studies. Few studies presented results of analyses in which 
PM2.5 and PMc were jointly analyzed. The results of two-pollutant models were 
addressed whenever they were available. Further adjustment by gaseous pollutants or 
not was also indicated in the tables. We included a column of remarks to indicate the 
main conclusion of each study. 
2.1.4 Results 
A total of 21 studies met the inclusion criteria and were included in the final review. 
Ten of the studies were concerned with identifying the short-term associations 
between both PMc and PM2.5 with cardio-respiratory mortality (Table-2), while further 
13 studies looked at the effects of PMc and PM2.5 on hospital admissions or emergency 
room visits (Table-3). Two studies used both the mortality and hospital admissions as 
the health outcomes and were displayed in both Table-2 and Table-3. 
2.1.4.1 Short-term effects of PM2.5 and PMc on mortality 
The results of time series studies in effects of fine and coarse particles on mortality 
were summarized in table 2 (Atkinson et al. 2010; Chen et al. 2011; Halonen et al. 
2009; Jimenez et al. 2011; Kan et al. 2007; Malig and Ostro 2009; Mallone et al. 
2011; Perez et al. 2008, 2009; Zanobetti and Schwartz 2009). The reported 
correlations between PM2.5 and PMc were typically around 0.5 or less, while the 
correlations between PM10 and PMc, or PM2.5 were much higher, as both PMc and 
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PM2.5 are parts of PM10. The concentrations of particulate pollutants in Chinese cities 
were much higher than those in Europe and North America. 
There were five studies that not only reported separate estimates for PM2.5 and PMc 
in single-pollutant model, but also the results of a two-pollutant analysis (Chen et al. 
2011; Malig and Ostro 2009; Perez et al. 2008, 2009; Zanobetti and Schwartz 2009). 
The remained statistically significant effects of PMc on total and cardiovascular 
mortality were reported in two of these studies (Malig and Ostro 2009; Perez et al. 
2009), while Zanobetti et al. reported the statistically significant effects of PMc on 
total and respiratory mortality after adjustment of PM2.5 (Zanobetti and Schwartz 
2009). Two studies found there were no statistically significant associations between 
PMc and daily mortality after adjustment for PM2.5, however, the effects of PM2.5 
remained significant after adjusted for PMc (Chen et al. 2011; Perez et al. 2008).  
Two studies identified the modified effects of Saharan dust on the associations 
between PMc and total mortality (Perez et al. 2008) or cardiac mortality (Mallone et 
al. 2011), which showed the much stronger and statistically significant effect 
estimates of PMc during Saharan dust outbreaks. Even in the single-pollutant studies, 
still some researchers (Halonen et al. 2009; Kan et al. 2007) did not find the 
significant positive associations between PMc on mortality, while the significant 
effects of PM2.5 were consistent in the literature. Several studies further adjusted for 
the gaseous pollutants such as O3, CO, NO2 etc. which generally didn’t change the 
effects of PM2.5 and PMc substantially (Atkinson et al. 2010; Halonen et al. 2009; 
Kan et al. 2007; Mallone et al. 2011; Pererz et al. 2009).  
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Concentration     
(µg/m3/24h) 
r Main outcome Lags and Unit
RR or ERR% (95%CI)  
per IQR or 10µg/m3 of PM












PM2.5: 56.4 (1.34);        
PMc: 52.3 (1.57);  
PM10: 107.9 (2.39)  
Median (IQR)     
PM2.5: 49.0 (32.5-72.4);  
PMc: 42.0 (28.5-66.0);  
PM10: 93.5 (63.0-135.8)     
0.48 79559 TM, 30528 CVD and 8751 RES 
Lag01, 
per 10µg/m3 
TM:                          
PM10: 0.16% (0.02-0.30%);       
PM2.5: 0.36% (0.11- 0.61%);       
PMc: 0.12% (-0.13- 0.36%) 
NA O3 
There is an adverse effect of PM2.5 on 
total mortality and cardio-respiratory 
mortality. The effect of PMc was 









PMc: 15.1 (9.7);        
PM2.5: 24.9 (11.7);  
Median (IQR)     
PMc: 12.9 (8.6-19.2);  
PM2.5: 22.4 (17.1-29.9);  
0.34 24,850 TM lag 1; per 10µg/m3 
TM: 
PMc: 2.7% (0.8-4.6%); 
PM2.5: 4.0% (2.3-5.8%); 
TM: PMc: 1.6% (-0.4-3.6%); 
PM2.5: 3.2% (1.5-5.0%); 
During non-Saharan dust days: 
PMc: 1.3% (-0.8-3.4%); 
PM2.5: 3.5% (1.6-5.5%); 
During Saharan dust days: 
PMc: 8.4% (1.5-15.8%); 
PM2.5: 5.0% (0.5-9.7%); 
NA 
PMc was much more hazardous 
during Saharan dust days, while the 
effect increase was smaller for 
exposure to PM2.5. Differences in 
chemical composition did not explain 










Mean: PM2.5: 11.1~18.8;  
Median (IQR):      
PMc: from 10.6 (6.5, 13.7) 
to 46.5 (29.8, 52.8) in 
different counties 
-0.03 ~ 0.35 459-29753 TM and 185-12944 CVD. 
Lag2 
per 10µg/m3 
PMc on TM: 0.7% (-0.1%, 1.5%); 
CVD: 1.3% (0.1%, 2.5%) 
PMc on TM: 0.8% (0.0%, 1.6%); 
CVD: 1.3% (0.0%, 2.5%) NA 
Adjustment for PM2.5 reduced the 
precision of the effect estimates of 
PMc slightly but had little impact on 
the magnitude, despite significant 
associations between PM2.5 and 










Median (IQR):      
PMc: 7.5 (4.9, 12.1);      
PM2.5: 9.5 (5.5, 11.7) 
0.25 







PM2.5 at lag0: 0.73% (-0.66-2.13%), 
PMc at lag0: -0.01% (-1.52-1.53%)  
RES: 
PM2.5 at lag0: 2.67% (-0.39-5.82%); 
PMc at lag1: 2.90% (-0.48-6.39%) 
Two-pollutant analysis were only 
conducted when the pollutants’ 
intercorrelation was <0.7.  
Results not shown. 
CO, NO2
All particle fractions including 
Aitken, accumulation, and coarse 
model had especially adverse 
respiratory health effects among the 
elderly. Overall associations were 







112 US cities for 
PM2.5 and 47 
cities for PMc,  
1999-2005   
PM2.5 median: 5.6-21.5 - 
5,609,349 TM, 




TM: PM2.5: 0.98% (0.75-1.22%); 
PMc: 0.46% (0.21-0.71%); 
RES: PM2.5: 1.68% (1.04-2.33%); 
PMc: 1.16% (0.43-1.89%); 
CVD: PM2.5: 0.85% (0.46-1.24%).
PMc: 0.32% (0.00-0.64%). 
TM: PM2.5: 0.77% (0.43-1.12%); 
PMc: 0.47% (0.21-0.73%); 
RES: PM2.5: 1.63% (0.69-2.59%); 
PMc: 1.14% (0.43-1.85%); 
CVD: PM2.5: 0.61% (0.05-1.17%).
PMc: 0.29% (-0.04-0.61%).
NA 
The effects were higher in spring. For 
PMc, the effects were significant but 
smaller for all causes analyzed.  
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PMc: 14.0 (9.5);        
PM2.5-1: 5.5 (3.8);  
PM1: 20.0 (10.3)  
Median (IQR)     
PMc: 12.0 (7.4-18.5);  
PM2.5-1: 4.4 (2.9-7.4);  







4165 RES, 12816 





CVD: 5.9% (3.1-8.8%); 
cerebrovascular mortality:  
8.6% (3.0-14.5%); 
RES: 0.2% (-4.5-5.2%)  
PMc in three-pollutant model: 
CVD: 5.9% (2.6-9.4%); 
cerebrovascular mortality:  
9.8% (3.0-17.1%); 





Significant positive associations with 
cardiovascular and cerebrovascular 
mortality were detected for PMc at 
lag0, lag1 and lag01, for PM1 at lag1. 
Association with respiratory mortality 
was only detected for PM2.5-1 at lag 2. 










Gravimetric Median (IQR):  
PM10: 22.0 (17.0, 31.0);  
PM2.5: 15.0 (11.0-22.0);   
PMc: 7.0 (5.0-10.0) 
0.22 
The median numbers 
for TM, RES and 
CVD were 145, 22 
and 54 per day, 
respectively. (Hospital 





TM: 0.96% (0.39-1.48%); 
CVD: 0.24% (-0.71-1.19%); 
RES: 2.07% (0.61-3.55%) 
Two-pollutant models were 
conducted as sensitivity analyses, 








The results were not consistent across 
the various outcomes and lags. This 
study provided some evidences that 
specific components of the particle 
mixture for air pollutants may be 






In Rome, Italy, 
2001-2004 
IQR: 12.8, 10.8, 19.8 for 
PM2.5, PMc and PM10. 
Mean (SD):  
Saharan dust-free days: 
PM2.5: 23.4 (12.5);  
PMc: 14.6 (8.7) 
Saharan dust-affected days: 
PM2.5: 25.6 (9.8);  
PMc: 20.7 (12.9) 





80,423 TM, 33,759 
CVD, 24,773 cardiac, 
7439 cerebrovascular 
and 4,574 RES death.
Lag02 for TM, 
and CVD, lag05 
for RES; per IQR 
increase 
TM: PMc: 2.96% (1.23-4.72%);  
PM10: 3.04% (1.53-4.56%); 
CVD: PMc: 4.06% (1.50-6.69%); 
PM10: 2.99% (0.82-5.19%);
RES: PMc: 12.65% (1.18-25.42%).
PM10: 4.97% (-2.18-12.63%).
NA O3 
Significant positive effects of PMc 
and PM10 on natural and 
cause-specific mortality were found, 
with stronger estimated effects on 
cardiac mortality during Saharan dust 
outbreaks. Effects of PM2.5 for all 














Beijing: PM2.5: 82 (52); 
       PMc: 101 (67); 
Shanghai: PM2.5: 55 (30); 
         PMc: 50 (31); 
Shenyang: PM2.5: 94 (52); 
         PMc: 49 (30). 
0.28 ~ 0.53
TM: 67-119 per day; 
CVD: 31-54 per day;
RES: 7-14 per day. 
lag 1; 
per 10µg/m3 
TM: PMc: 0.25% (0.08-0.41%);  
PM2.5: 0.32% (0.22-0.43%); 
CVD: PMc: 0.25% (0.10-0.39%); 
PM2.5: 0.46% (0.30-0.61%);
RES: PMc: 0.48% (0.20-0.76%). 
PM2.5: 0.50% (0.19-0.81%).
PMc effects were no longer 
statistically significant. 
TM: 0.14% (-0.11-0.39%);  
CVD: 0.13% (-0.03-0.29%);  
RES: 0.36% (-0.05-0.77%). 
 
NA 
There were no statistically significant 
associations between PMc and daily 
mortality after adjustment for PM2.5 in 
the three Chinese cities. However, the 
effects of PM2.5 remained significant 






In Madrid, Spain   CVD, RES mortality in elderly (>=75)     
The results indicated an association 
between PM10 and PMc and 
respiratory-specific mortality on the 
one hand, and between PM2.5 and 
cardiovascular-specific mortality on 
the other. 
TM-total natural cause mortality; CVD-cardiovascular mortality; RES-respiratory mortality.
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2.1.4.2 Short-term effects of PM2.5 and PMc on morbidity 
Ten papers presenting studies of associations with hospital admissions for respiratory 
and cardiovascular diseases (Atkinson et al. 2010; Chang et al. 2011; Chen et al. 
2004, 2005; Fung et al. 2006; Halonen et al. 2009; Host et al. 2008; Lin et al. 2005; 
Peng et al. 2008; Tecer et al. 2008) and three studies of emergency room visits 
(Halonen et al. 2008; Metzger et al. 2004; Slaughter et al. 2005) were identified 
(Table-3). Three studies conducted in Vancouver, Canada during the same time 
period (Chen et al. 2004, 2005; Fung et al. 2006) but used the different respiratory 
endpoints. Authors identified that PMc and PM2.5 had similar effects for COPD 
hospitalizations in elderly, and the positive associations with overall or repeated 
respiratory hospital admissions were statistically significant for PMc but not for 
PM2.5. Another Canadian study conducted in Toronto (Lin et al. 2005) reported the 
greater effects of PMc than PM2.5 on hospital admissions for respiratory infections in 
children and the effects of PMc were independent of gaseous pollutants, while the 
PM2.5 effects were sensitive to the inclusion of the gaseous. Three more studies used 
asthma or asthma plus COPD as the health endpoints suggested the significant 
positive effects of both PM2.5 and PMc with asthma hospitalizations in children 
(Tecer et al. 2008) or with asthma plus COPD hospitalizations in elderly or all ages 
(Halonen et al. 2008, 2009), but the mechanisms of the respiratory effects of PMc 
and PM2.5 might differ by age group. Four studies used both respiratory and 
cardiovascular hospital admissions as the health outcomes (Atkinson et al. 2010; 
Halonen et al. 2009; Host et al. 2008; Peng et al. 2008), and those conducted in 
European cities got the similar findings. Researchers from six French cities, Helsinki 
Finland and central London identified the stronger effects of PMc than PM2.5 on 
some respiratory morbidity endpoints such as all respiratory diseases in children, 
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respiratory infection, pneumonia, asthma and COPD hospital admissions. However, 
PM2.5 was found to have stronger effects than PMc on cardiac admissions and the 
effects of PMc on cause-specific cardiovascular hospital admissions were statistically 
non-significant (Atkinson et al. 2010; Halonen et al. 2009; Host et al. 2008). These 
three European studies did not fit the two-pollutant models with PMc and PM2.5 
jointly which might overestimate the effects of PMc on respiratory admissions. 
Another single city study conducted in Atlanta used single-pollutant model did not 
identify the significant positive associations between PMc and cardiovascular 
emergency department visits (Metzger et al. 2004). 
Studies in the United States had some different findings with those in European and 
Canadian cities. The large NMMAPS conducted in 108 US urban counties found 
significant positive effect of PMc on cardiovascular admissions in single-pollutant 
model which lost statistical significance after adjustment for PM2.5 in two-pollutant 
model (Peng et al. 2008). And authors did not find the significant positive effect of 
PMc on respiratory admissions as well. PMc might exhibit higher spatial 
heterogeneity because of shorter travelling distance and suspending time in the 
atmosphere, which will also lead to larger exposure measurement error than that of 
PM2.5. So another recent NMMAP study conducted in 59 US counties developed a 
modeling approach to account for this measurement error and estimated the 
consistent positive association between PMc and same-day admissions for 
cardiovascular diseases, after adjusting for the cofounding effect from PM2.5 (Chang 
et al. 2011). 
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Concentration    
(µg/m3/24h) 
R Main outcome Lag and Unit
RR or ERR% (95%CI) per 
IQR or 10µg/m3 of PM 
RR or ERR% 
(95%CI) from 
two-pollutant model








Median (P10, P90) 
PM10: 26.3 (13.2, 44.7);  
PM2.5: 17.8 (8.9, 32.3);  






per 10µg/m3 for 
PM2.5;          
per 5µg/m3 for 
PMc 
PM2.5: 3.3% (1.0-5.6%);          
PMc: 1.2 (-1.5-4.0%) 
NA NO2, CO or total carbon
CVD visits were associated with PM2.5, 
NO2, CO, organic carbon and 
oxygenated hydrocarbons but not with 
PMc.  




June 1995 and March 
1999. 
Mean (SD):  
PMc: 5.6 (3.6);  
PM2.5: 7.7 (3.7)       
Median (IQR):  
PMc: 4.8 (3.1, 7.3); 




hospitalizations  in 
elderly 
lag02  
per IQR  
                     PM10: 
12.8% (5.4-20.8%);      PM2.5: 
7.9 (1.6-14.6%);         PMc: 
8.9 (2.5-15.8%).   
PM2.5: 6.2 (-0.7-13.7%); 
PMc: 6.4 (-0.4-13.7%).  
COH (coefficient of 
haze), CO, O3, NO2, 
and SO2 
PMc and PM2.5 has similar effect for 
COPD hospitalizations. The effects of 
PM2.5 and PMc were independent of O3 
but became statistically non-significant 
after adjustment for each other or 
adjusted by COH, CO, NO2 or SO2 one 
by one. 







Jan. 1995 to Jun. 
2001. 





12.2/day for all 
RES ER visits; 
7.3/day for RES 
HAs; 7.3/day for 
cardiac HAs.  
Lag1-lag3 
Per 10µg/m3 for 
PM2.5; per 
25µg/m3 for PMc.
All RES ER visits: 
Lag3 PM2.5: 1.02 (0.99-1.05);      
lag3 PMc: 1.02 (0.99-1.05). 
NA NA 
No associations between any size 
fraction of PM and cardiac or respiratory 
ER visits or hospital admissions were 
found. Just a suggestion of greater 
respiratory effect from PM2.5 when 




In Toronto between 
1998 and 2001 
Mean (SD):  
PM2.5: 9.59 (7.06);      
PMc: 10.86 (5.37);  
Median (IQR):    
PM2.5: 7.5 (4.5-12.3); 





lag03 per IQR 
change 
PMc: 1.16 (1.07-1.26);            
PM2.5: 1.11 (1.02, 1.22);          
NA 
CO, SO2, NO2 and O3: 
PMc: 1.13 (1.03-1.23);  
PM2.5: 0.94 (0.81, 1.08); 
PMc has larger effect than PM2.5 on 
respiratory infections hospitalizations in 
children. The effect of PMc was 
independent of gaseous, while the effect 
of PM2.5 was sensitive to the inclusion of 
gaseous pollutants. 
Chen Y (Inhal 
Toxicol, 2005) 
In the greater 
Vancouver area 
between June 1, 
1995, and March 31, 
1999. 
Mean (SD), IQR:  
PM2.5: 7.7 (3.7), 4.0;     
PMc: 5.6 (3.6), 4.2. 
0.38 
8989 first, 3880 
second, and 12,869 
overall hospital 
admissions for RES 
among the elderly 
(65+yr) 
lag02 PMc per 
IQR change 
PMc: 1.06 (1.02, 1.09);           
PM2.5: 1.02 (0.98, 1.05) 
NA 
CO, O3, NO2 and SO2: 
PMc: 1.06 (1.02-1.11); 
PM2.5:1.00(0.96, 1.04) 
 PMc has a larger effect on overall 





Canada, for the 
period of June 1, 
1995, to March 31, 
1999 
Mean (SD), IQR:  
PM2.5: 7.72 (3.61), 4.00;  









PMc: 1.020 (1.003, 1.037);        
PM2.5: 1.000 (0.982, 1.018) 
NA NA 
PMc was associated with repeated 
respiratory hospitalizations. Association 
was not found for PM2.5. 
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Continued          
Host S. (Occup 
Environ Med. 
2008) 
In six French cities 
during 2000-2003. 
Mean: 









PMc: 4.4% (0.9-8.0%);  
PM2.5: 2.5% (0.1-4.8%)         
RES for age 0-14:     
PMc: 6.2% (0.4-12.3%); 
PM2.5: 0.4% (-1.2-2.0%)        
CVD: PMc: 0.5% (-1.2-2.3%); 
   PM2.5: 0.9% (0.1-1.8%) 
NA NA 
PMc may have a stronger effect than the 
PM2.5 on some morbidity endpoints, 
especially respiratory diseases. PM2.5 
may have stronger effect that PMc on 
cardiac admissions.  






Mean:   
PM2.5:29.1;  PMc:24.3;  
Median (IQR):    
PM2.5: 26.1 (20.8, 34.8);  







per 10µg/m3 and 
per IQR 
ORs per 10µg/m3 for asthma:     
PM2.5: 1.25 (1.05-1.50);       
PMc: 1.17 (1.05-1.31);        
PM10: 1.16 (1.06-1.26) 
NA NA 
Suggested a greater effect of PM2.5 and 
PMc on asthma hospital admissions 






PM2.5: 9.5 (5.5-11.7);  
PMc: 9.9 (4.9-12.1) 
- 
4807asthma(<15yr)
; 6312 and 7239 
asthma+COPD 
hospital emergency 




For asthm+COPD in elderly:    
PM2.5: 3.09% (0.95-5.27%);  
PMc: 2.45% (0.18-4.76%) 
For asthm+COPD in adults:    
PM2.5: 1.32% (-1.06-3.76%);  
PMc: 2.70% (0.21-5.26%) 
Two pollutant models 
conducted for pollutants 
that were not too highly 
correlated. 
NO2, CO 
Associations between PMc, PM2.5 and 
asthma+COPD in elderly were found, 
while in adults, only the association with 
PMc was significant. The mechanisms of 
the respiratory effects of PMc and PM2.5 
differed by age group.  
Roger D.Peng 
(JAMA. 2008) 
108 US urban 
counties, 1999-2005 
Median (IQR): 
PM2.5: 13.5 (11.1-15.8); 





3.7 million CVD 
and 1.4 million RES
Lag0, lag1 and 
lag2, per 10µg/m3
RES:  
PMc: 0.33% (-0.21-0.86%); 
PM2.5: 0.44% (0.06-0.82%); 
CVD: 
 PMc: 0.36% (0.05-0.68%); 
PM2.5: 0.71% (0.45-0.96%) 
PMc adjusted byPM2.5: 
RES: 0.26% (-0.32%, 
0.84%); CVD: 0.25% 
(-0.11-0.60%) 
NA 
Unadjusted and adjusted (by PM2.5) 
effects of PMc were non-statistically 








PMc: 7.5 (4.9, 12.1);     











PM2.5: 2.41% (0.64-4.21%), PMc: 
0.55% (-1.34-2.49%)             
Asthma+COPD: 
PM2.5: 2.48% (0.60-4.39%); PMc: 
2.49% (0.47-4.56) 
Two-pollutant analysis 
were only conducted 
when the pollutants’ 
intercorrelation was 
<0.7.  
Results not shown. 
NA 
Associations between PMc, PM2.5 and 
asthma+COPD were found. However, 
the associations between PMc, PM2.5 and 
cause-specific cardiovascular admissions 








(IQR):            
PM10: 22.0 (17.0, 31.0);  
PM2.5: 15.0 (11.0-22.0);  





Lag1 for PMc, 
lag2 for PM2.5, 
Per IQR increase
RES(65+yrs) 
PMc: 1.01% (0.10-1.93%); 
RES(0-14yrs) 
PM2.5: 1.15% (0.22-2.09%); 
Two-pollutant models 
were conducted as 
sensitivity analyses, but 
not for PMc and PM2.5 
simultaneously.  
PNC (particle number 
concentrations), NO3-, 
O3  
Associations between PMc, PM2.5 and 

















Only used figures to display the 
effects estimates. Do not have 
exact values. 




Consistent positive associations between 
PMc, PM2.5 and same-day CVD 
admissions were found. 
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2.1.4.3 Biological mechanisms underlying the differential effects of PM2.5 and 
PMc 
The biological mechanisms underlying the differential effects of PM2.5 and PMc on 
cardiovascular emergency hospitalizations might be relevant to the sites of 
deposition in the respiratory tract and the chemical composition of these two factions. 
Compared with PMc, PM2.5 has higher number concentration, larger surface area and 
better lung deposition. PMc does not penetrate as deeply into the respiratory tract as 
PM2.5 and so more likely to affect the upper and larger airways. PM2.5 which is 
mainly coming from combustion processes has a much greater probability of 
reaching the small airways and the alveoli of the lung. Particles in the alveolar region 
are cleaned more slowly than in the conducting airways, which may be one reason 
for the greater toxic effects of PM2.5.  
Evidences from toxicological studies showed that on an equal mass basis, PM2.5 and 
PMc both produce pulmonary inflammation and oxidative stress, which could lead to 
both respiratory and cardiovascular damage (Pozzi et al. 2003; Shi et al. 2003). A 
study to examine the different biological activity of PM2.5 and PMc revealed that 
hemolytic potential was greater for PM2.5 than for PMc in equal mass concentration 
(Diociaiuti et al. 2001). The biological mechanisms underlying the associations 
between PM2.5 and cardiac diseases also involved modulation of autonomic nervous 
activity by decreasing heart rate variability (Gold et al. 2000; Magari et al. 2001) and 
increase of circulating fibrinogen and blood coagulability (Schwartz 2001). Nemmar 
et al. found that inhaled ultrafine particles could even translate rapidly from the lungs 
into the blood circulation in humans and thus influence cardiovascular endpoints 
more directly (Nemmar et al. 2002). An experimental study revealed that exposure of 
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mice to PMc resulted in significant pulmonary toxicity while ultrafine PM appeared 
to enhance cardiac ischemia/reperfusion injury (Tong et al. 2010). 
2.1.5 Conclusion remarks  
2.1.5.1 Health effects of PM2.5 and PMc on mortality 
There are some evidences for the adverse effects of PMc on mortality. This is most 
prominent in studies conducted in Barcelona, Spain and Rome, Italy during Saharan 
dust days when PMc concentrations are relatively high. PMc was much more 
hazardous during Saharan dust days, while the effect increase was smaller for 
exposure to PM2.5.  
Only a few studies have analyzed PM2.5 and PMc jointly in two-pollutant model. 
Study conducted in 112 US cities for PM2.5 and 47 cities for PMc found significant 
positive associations between PMc and total mortality, respiratory mortality but not 
for cardiovascular mortality, while the associations between PM2.5 and three 
mortality endpoints are all statistically significant. Results from studies in Barcelona, 
Spain got slightly difference. The significant positive associations of PMc were found 
for cardiovascular and cerebrovascular mortality but not for respiratory mortality. 
However, study conducted in three Chinese cities did not find any statistically 
significant associations between PMc and total or cardio-respiratory mortality after 
adjustment for PM2.5, while the effects of PM2.5 remained significant after adjusted 
for PMc. 
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In conclusion, time series studies relating ambient particulate matter to mortality 
have in some place provided evidence of an independent effect of PMc on daily 
mortality, however, the evidence of association is stronger for PM2.5. 
2.1.5.2 Health effects of PM2.5 and PMc on morbidity 
In studies using COPD in elderly, respiratory infections in children, asthma or 
asthma plus COPD as the health endpoints, PMc had stronger or as strong short-term 
effects as PM2.5. And the effects of PMc were independent of gaseous pollutants, 
while the PM2.5 effects were sensitive to the inclusion of the gaseous. In studies using 
both respiratory and cardiovascular hospital admissions as the health outcomes, those 
conducted in European cities (six French cities, Helsinki, Finland and central London) 
got the similar findings of the stronger effects of PMc than PM2.5 on some respiratory 
morbidity endpoints such as all respiratory diseases in children, respiratory infection, 
pneumonia, asthma and COPD hospital admissions. However, PM2.5 was found to 
have stronger effects than PMc on cardiac admissions. If the spatial heterogeneity 
and measurement error was considered, the positive association between PMc and 
same-day admissions for cardiovascular diseases was also found in 59 US counties, 
after adjusting for the confounding effect from PM2.5. 
The body of epidemiological literature on health effects of PMc and PM2.5 is 
impressive. No single study alone can prove or refute a relationship with one or 




2.2. Review on the joint effects/interactions of particulate 
matter and gaseous pollutants 
2.2.1 Concept of Interaction  
In environmental epidemiological research, interaction is thought to be present if the 
joint effect of the combined pollutants exposure is not equal to the sum of the two or 
more individual components of the mixture. There are two types of interaction, that 
is, synergism and antagonism. Synergism is defined as occurring if the effect of the 
combination is greater than the sum of individual effects, while antagonism is 
occurred if the effect of the combination is less than the sum of individual effects 
(Mauderly and Samet 2009). Sometimes synergy is used loosely and considered as 
the case where none of the mixture components has an effect when given alone, but 
exposure to the mixture produces some response (Schlesinger 1995). It needs to have 
evidences on both the individual and the combined effects to evaluate the presence of 
the interaction.  
2.2.2 The objective of this part of literature review 
Ambient air pollution is a complex mixture of particles and gaseous pollutants and 
humans are exposed simultaneously to this pollution mixture. The science 
communities and US Environmental Protective Agency (EPA) are moving toward a 
multipollutant approach to quantify the health consequences of air pollution mixture 
as a whole (Dominici et al. 2010). The objective of this part of literature review is to 
review and give a comprehensive summary of studies that have investigated the joint 
effects or interactions between particles and gaseous pollutants. 
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2.2.3 Methods 
2.2.3.1 Search terms and key words 
We used the following keywords or terms to do the literature search: 
(1) Interaction on pollutants: (interaction OR modif*) AND air pollution; 
(2) Study design: time series OR case-crossover; 
(3) Health outcome: mortality OR morbidity OR hospital admissions OR emergency 
room visits OR emergency department visits. 
2.2.3.2 Information abstract 
Among the searched literature, only a small part examined the interaction between 
particles and gaseous pollutants, while the majority focused on the interaction 
between pollutant and temperature, season or the effect modification from age, 
gender and social-economic status. For those studies examined the interaction 
between pollutants, we abstracted the information including study location and 
period, main health outcomes used, pollutants considered, methods used to evaluate 
interaction and the main results on interaction. We also reviewed the methodology 
used while examining the interaction between pollutant and temperature or season, 
which was applicable to evaluate the interaction between pollutants. Biological 
mechanisms relevant to interactive health effects of pollutants were summarized. 
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2.2.4 Results 
2.2.4.1 Studies on the interaction between particulate matter and gaseous 
pollutants 
There were totally 12 studies examined the interaction between particles and gaseous 
pollutants (Table-4). 4 of them examined the interaction between PM10 and NO2, 8 
examined the interaction between PM10 and ozone, while 4 concerned about the 
interaction between PM and SO2. Another five multicity studies looked at the potential 
effect modifiers in the second stage meta-regression analysis to explain the observed 
heterogeneity across different cities (Table-5). 
2.2.4.1.1 Studies on the interaction between PM10 and NO2 
Only four epidemiological studies examined the interaction between PM10 and NO2 
(Hong et al. 2002; Ponka et al. 1998; Sunyer and Basagana 2001; Wong TW et al. 
1999). The study conducted in Seoul examined the interaction between particulates 
and gaseous pollutants on stroke mortality (Hong et al. 2002). Authors reported the 
ERR for each IQR in NO2 increased from 2.8% to 3.2% when PM10 concentrations 
were changed from below to above the median level (67.6 µg/m3) in the model. At 
the same time, the ERR for each IQR in PM10 decreased from 4.8% to -1.5% when 
NO2 concentrations were changed from below to above the median level (59.0 
µg/m3). Authors drew the conclusion that PM10 and gaseous pollutants were 
interactive with respect to their effects on the risk of stroke mortality. However it 
seems inconsistent about the direction of the interaction in this study. Another study 
in Helsinki, Finland observed the interactive effects between NO2 and the other 
pollutants on cardiovascular mortality, starting from rather low NO2 concentration 
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(i.e., 24+ µg/m3, 10th percentile) (Ponka et al. 1998). A previous Hong Kong study 
detected some significant positive interactions between NO2, O3, and PM10 on 
hospital admissions for cardio-respiratory diseases (Wong TW et al. 1999), however, 
the positive interactions between PM10 and NO2 were statistically nonsignificant. On 
the other hand, Sunyer and Basagana reported no interaction between particles and 
gaseous pollutants on mortality in patients with COPD in Barcelona, Spain (Sunyer 
and Basagana 2001). 
2.2.4.1.2 Studies on the interaction between PM10 and O3 
Eight epidemiological studies examined the interaction between PM10 and O3 (Chen et 
al. 2007; Hong et al. 2002; Ponka et al. 1998; Revich and Shaposhnikov 2010; 
Simpson et al. 1997; Sunyer and Basagana 2001; Tellez-Rojo et al. 2000; Wong TW 
et al. 1999). Some researchers reported harmful interaction at high concentrations 
(higher than 90th or 95th percentiles) of PM10 and O3. A study in Moscow, Russia 
found on the days with O3 concentrations above the 90th percentile (41µg/m3), PM10 
risk for all-cause mortality was threefold greater and for cerebrovascular disease 
mortality was fourfold greater (Revich and Shaposhnikov 2010). A study in 
Shanghai, China found PM10 higher than 95th percentile (225.7µg/m3) would 
significantly increased the effect of O3 on total mortality (Chen et al. 2007). Another 
study in Helsinki, Finland found high concentrations of PM10, ozone, and nitrogen 
dioxide had a further harmful additive effect on mortality (Ponka et al. 1998). 
Concentration of O3 increased the influence of PM10, NO2, and SO2, especially when 
the O3 concentration was high (i.e., >42µg/m3, 90th percentile). A study using median 
as cut-off point found no significant effect of PM10 during the days when O3 levels 
were below the median (116.7ppb, 228.7µg/m3), however, a significant effect of 
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PM10 was found on days when O3 concentrations exceeded the median, which 
suggested a synergic effect of PM10 and O3 on respiratory mortality on days when 
ambient O3 levels are high (Tellez-Rojo et al. 2000). In the above mentioned four 
studies, three of them chose the 90th or 95th percentiles as cut-off points and two of 
them detected the interaction between PM10 and O3 at very high concentrations, i.e., 
PM10 higher than 225.7µg/m3 or O3 higher than 228.7µg/m3, which well exceeded 
the pollution concentration range in Hong Kong and most of the developed countries. 
In the previous Hong Kong study (Wong TW et al. 1999), authors explored 
interactions between pollutants using pairwise analyses by entering two pollutants 
and their interaction term into the model. Each pollutant was analyzed as a 
continuous variable with the other pollutant as a dichotomous variable using the 
median as the cutoff point. Significant positive interactions were found for O3 with 
high PM10 concentrations for respiratory admissions, while for cardiovascular 
admissions, significant positive interactions were found for both PM10 and NO2 with 
high O3 concentrations. The Seoul study (Hong et al. 2002) reported the ERR for an 
IQR increase of O3 (32.8µg/m3) decreased from 5.5% to -2.5% when PM10 
concentrations were changed from below to above the median level (67.6µg/m3), 
while the ERR for an IQR increase of PM10 also depended on the different 
concentrations of gaseous pollutants by increasing from -1.2% to 2.7% when O3 
concentrations were changed from below to above the median level (40.6µg/m3).  
Two studies reported no interaction between PM10 and O3 on mortality (Simpson et 
al. 1997; Sunyer and Basagana 2001). Sunyer reported no interaction between 
particles and gaseous pollutants on mortality in patients with COPD in Barcelona, 
Spain, just based on the statistical non-significance for the product term (both 
pollutants as continuous variables and all interaction terms had a P-value > 0.5) 
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(Sunyer and Basagana 2001). Simpson found there was little evidence of interaction 
between ozone effects and particulates on daily mortality in Brisbane, Australia, 
using 90th percentiles as the cutoff points (Simpson et al. 1997). 
2.2.4.1.3 Studies on the interaction between PM and SO2 
Some studies of Air Pollution and Health: A European Approach (APHEA) followed 
the procedures identified in APHEA protocol and reported some interactions 
between particulates and SO2. A study in Lyon, France found when PM13 (particles 
with an aerodynamic diameter less than 13 microns) concentrations were greater than 
60μg/m3, the joint SO2 effect on mortality was increased (Zmirou et al. 1996). A 
study in Athens, Greece observed a stronger effect of SO2 on daily total mortality 
when the levels of BS were higher than 100μg/m3 (Touloumi et al. 1996). A study in 
Milan, Italy found no significant interaction between TSP and SO2 on respiratory 
mortality, while for respiratory hospital admissions, TSP effects were stronger when 
SO2 higher than 100μg/m3 and SO2 effects were stronger when TSP was higher than 
100μg/m3 (Vigotti et al. 1996). These three European studies suggested some 
synergy between particulates matter and SO2 on mortality or hospital admissions. 
However, another APHEA study conducted in Koln, Germany got the opposite 
findings. Authors reported that SO2 effects on daily total mortality were stronger 
when TSP was below 100μg/m3 or PM7 (particles with an aerodynamic diameter less 
than 7 microns) was below 60μg/m3. The effects of TSP or PM7 also tended to be 
stronger when daily mean SO2 was below 100μg/m3, suggesting some antagonism 
(Spix and Wichmann 1996). 
The interaction between PM and SO2 was only reported in European cities using data 
almost twenty years ago. During that period from 1975 to 1990, the median value of 
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SO2 for several APHEA cities was around 60μg/m3, which was much higher than 
that in other developed countries nowadays. This might be the reason that interaction 
between PM10 and SO2 was not found in other places. 
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Table- 4 Studies on the Interaction between Pollutants 
Study Location & 
Period 
Main Outcome Interaction on 
Pollutants 
Methods on Interaction Results on Interaction 






Four categories of cause of 
death: total (minus external 
causes), respiratory, 
cardiovascular, and digestive 
causes (as a control 
condition). 
PM13 & SO2 Time series analysis followed the APHEA 
protocol. An interaction term between SO2 
and binary variable for PM13 (60μg/m3 as 
the cutoff) as added to assess the interaction.
When particulates concentrations were 
greater than 60μg/m3, the joint SO2 effect 
was increased, suggesting some interaction 
between the two pollution indicators. 
Touloumi G (J 
Epidemiol 
Community 





Daily total mortality 
BS & SO2 Time series analysis followed the APHEA 
protocol. Effect modification by season as 
well as among pollutants was tested. 
A stronger effect of SO2 on the daily total 
mortality was observed when the levels of 
BS were higher than 100μg/m3. 







Daily total mortality TSP, PM7 and SO2 Time series analysis followed the APHEA 
protocol. 
SO2 effects were stronger when TSP was 
below 100μg/m3 or PM7 was below 60μg/m3. 
Particle effects also tended to be stronger at 
daily mean SO2 below 100μg/m3.  






Mortality and Hospital 
admissions for respiratory 
diseases 
TSP and SO2 Time series analysis followed the APHEA 
protocol. 
No significant interaction was found between 
TSP and SO2 on respiratory mortality. For 
respiratory hospital admissions, TSP effects 
were stronger when SO2 higher than 
100μg/m3 and SO2 effects were stronger 










Ozone effects (mainly in 
summer) and 
particulates or with 
sulfur dioxide and 
nitrogen dioxide. 
A general estimating equation analysis, and 
autoregressive Poisson models were used for 
daily mortality to examine associations with 
air pollution variables. 
There was little evidence of interaction 
between the ozone effects (mainly in 
summer) and particulates or with sulfur 
dioxide and nitrogen dioxide. 






Mortality form all causes and 
cardiovascular causes. 
PM10, O3 and NO2 GAM Poisson regression. Divided pollutants 
concentrations into three groups (<P10, 
P10-P90, >P90) to study pairwise interactions.
Concentration of O3 increased the influence 
of PM10, NO2 and SO2, especially when O3 
was high (>42μg/m3). Interactive effects 
were also observed between NO2 and other 
pollutants, starting from rather low NO2 (i.e. 
24+μg/m3). 
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Hospital admissions for 
respiratory and 
cardiovascular diseases. 
PM10, O3 and NO2 Pairwise analyses by entering two pollutants 
and their interaction term into the model. 
Each pollutant was analyzed as a continuous 
variable with the other pollutant as a 
dichotomous variable using the median as 
the cutoff point. 
For respiratory admissions, significant 
positive interactions were found for O3 with 
high PM10 concentrations.  
For cardiovascular admissions, significant 
positive interactions were found for both 
PM10 and NO2 with high O3 concentrations. 
Tellez-Rojo MM 
(Eur Respir J. 
2000) 
Mexico City, 
Jan. 1-Dec. 1, 
1994  
Daily respiratory mortality PM10 and O3 Time series analysis. 
Authors studied the effect of PM10, 
stratifying for days with high and low O3 
levels (cutoff: median-228.7μg/m3) 
A synergic effect of PM10 and O3 on 
respiratory mortality on days when ambient 
O3 was rather high. No interactive effect 
between SO2 and PM10 was found. 





Death in COPD patients PM10, O3, NO2 and CO A case-crossover procedure with 
ambidirectional controls. Interaction 
between the two pollutants was assessed by 
including the multiplicative term in the 
multivariate model. 
The association of mortality with PM10 was 
not confounded by the inclusion of gases, 
while the association of gaseous pollutants 
was notably reduced after adjustment for 
particles. There was no interaction between 
particles and gaseous pollutants (all 






Stroke mortality PM and gaseous 
pollutants 
GAM Poisson regression. Interactions were 
determined by the changes of the relative 
risk of PM10 stratified by the level of 
gaseous pollutants (medians as the cutoff) 
and vice versa. 
These pollutants are interactive with respect 







Mortality from all 
non-accidental causes, 
cardiovascular diseases and 
respiratory diseases. 
PM10 and O3 GAM time series study with stratified 
analysis, using P5 and P95 as the cut-points 
for each strata. 
Significant interaction was observed only for 
O3 in the 95% high PM10 strata for total 
mortality. 






Mortality from all 
non-accidental causes, 
ischemic heart diseases and 
cerebrovascular diseases. 
PM10 & O3 Generalized linear bivariate model. 
Stratified the data for high O3 level (>P90, 
41μg/m3) and calculated PM10 effect than 
compared it to PM10 effect including all 
days of the study period. 
PM10-mortality relationships were 
significantly modified by O3 levels. On the 
days with O3 concentrations above the P90, 
PM10 risk for all-cause mortality was 
threefold greater and PM10 risk for 
cerebrovascular disease mortality was 
fourfold greater than risks estimated 
including all days. 
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2.2.4.1.4 Modifiers identified through multicity study 
Five multicity studies looked at the potential effect modifiers to explain the observed 
heterogeneity across different cities (Aga et al. 2003; Atkinson et al. 2001; Gilliland 
et al. 2001; Katsouyanni et al. 2001; Sunyer et al. 2003) (Table-5). All these studies 
used the similar statistic approaches, a two-stage time-series model. In the first stage, 
generalized additive Poisson regression models were fitted in each city. These results 
were then combined across cities in a second stage meta-regression analysis that 
looked at potential effect modifiers. 
In the studies of Air Pollution and Health: A European Approach 2 (APHEA2), 
researchers examined the short-term effects of ambient particles on mortality in 29 
European cities with emphasis on effect modification (Aga et al. 2003; Katsouyanni 
et al. 2001). Authors indentified that long term NO2 concentration as the most 
important effect modifier: the effects of an increase of 10μg/m3 in PM10 ranges from 
0.19% (95% CI = 0.00-0.41%) in cities with low long-term average NO2 (about 
40µg/m3) to 0.80% (95% CI = 0.67-0.93%) in cities with high long-term average 
NO2 (about 70µg/m3). These studies indicated the possible synergistic interaction 
between PM10 and NO2 in another way. Besides the long-term average levels of NO2, 
temperature, relative humidity, age standardized annual mortality rate and the 
proportion of the elderly in each city were also identified as modifiers of the effects 
of PM. The effect size of PM tended to be larger in warmer and drier cities, and in 
cities with lower age standardized mortality rate or higher proportion of the elderly. 
Another APHEA2 study examined the modifiers of the effects of SO2 on asthma, 
COPD and all respiratory hospital admissions (Sunyer et al. 2003). Effect 
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modification among cities by levels of other air pollutants or temperature was not 
found. This study might have limited power to detect such associations while only 
seven cities were included. Atkinson et al. investigated the variability of the effect 
estimates of PM10 between eight European cities and identified that annual mean 
concentrations of ozone in the cities were positively associated with PM10 effects on 
respiratory hospital admissions in the elderly (Atkinson et al. 2001). 
A study conducted in 12 southern California communities and examined the effects 
of ambient air pollution on school absenteeism due to respiratory illness (Gilliland et 
al. 2001). Authors reported the short-term effects of a 20-ppb change of O3 on 
illness-related absenteeism were much greater in communities with lower levels of 
PM10, compared with those in communities with higher levels (>=35µg/m3 in annual 
mean) of PM10. Authors suggested long-term exposure to elevated levels of PM10 can 
affect acute response to O3 and PM10 would act as effect modifier for short-term 
effect of ozone. 
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Table- 5 Multicity studies identified the effect modifiers from other pollutant 
Study Location & 
Period 











O3 and city specific 
long-term average 
PM10 
A two-stage time-series model: Poisson 
log-linear model and second stage 
regression. To assess further whether 
long-term average pollutant levels modify 
the acute effects of a pollutant, stratified 
models were fits using categories of high- 
and low-pollution communities. 
The short-term effects of a 20-ppb change of O3 on 
illness-related absenteeism were larger in communities with 
lower long-term average PM10 [223.5% (95% CI = 
90.4-449.7)] compared with communities with high average 
levels [38.1% (95% CI = 8.5-75.8)]. 
Atkinson RW 
(Am J Respir Crit 
Care Med. 2001) 
In 8 European 
cities 
Asthma at ages 
0-14 years and 
15-64 years, COPD, 
and all respiratory 
admissions in 
elderly. 
PM10 modified by 
city characteristics 




Variability in the sizes of the PM10 effect 
estimates between cities was investigated 
the second stage regression models. 
In the 65+ groups PM10 estimates were positively associated 
with annual mean concentrations of ozone in the cities. For 
asthma admissions (0-14 yr) a number of city-specific factors, 






In 7 Europena 
cities for periods 
of varying 
duration between 
1988 and 1997. 
Asthma at ages 
0-14 years and 
15-64 years, COPD 
and asthma, and all 
respiratory 
admissions at ages 
65+ years 
SO2 modified by 
other pollutants and 
temperature 
In the first stage GAM Poisson regression 
models were fitted in each city. These 
results were then combined across cities 
in a second stage ecological regression 
that looked at potential effect modifiers. 
 
Effect modification among cities by levels of other air 





In 29 European 
cities, 
1990-1997 
Daily total mortality PM (PM10 and BS) 





GAM time series model with 
second-stage regression models.  
 
In a city with low average NO2, the estimated increase in daily 
mortality for an increase of 10μg/m3 in PM10 was 0.19 (95% 
CI = 0.00-0.41), whereas in a city with high average NO2 it 
was 0.80% (95% CI = 0.67-0.93%); The heterogeneity found 
in the effect parameters among cities reflects real effect 
modification, which is explained by specific city 
characteristics. 
Aga E (Eur 
Respir J 2003) 
In 28 European 
cities, 
1990-1997 
Daily total mortality 
in the elderly 
(>=65yrs) 
PM (PM10 and BS) 
modified by city 
characteristics (city 
average NO2 level, 
temperature, 
humidity, etc.) 
A two-stage time-series model: Poisson 
GAM and second stage meta-regression 
models to investigate the role of potential 
effect modifiers in explaining observed 
heterogeneity. 
The effect size of PM was modified by the long-term average 
levels of NO2 (higher levels were associated with larger 
effects) , temperature (larger effects were observed in warmer 
countries), and by the proportion of the elderly in each city (a 
larger proportion was associated with higher effects). 
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2.2.4.2 Methodology used to detect interaction in time series studies 
The modeling strategy in time series air pollution studies is to set up a core 
generalized linear model (GLM) or generalized additive model (GAM) that contains 
all known time varying confounders (including long term trend, seasonality, 
temperature, relative humidity, day of week, public holidays, influenza epidemics, 
autoregressive terms, etc.) to explain the outcome variability, except for pollution 
exposure, and then add air pollutant concentration linearly to core model to estimate 
the effects of pollutants on health. Interaction detection is also based on the core 
model set up. In summary, the following strategies were used to detect interaction 
between pollutants or pollutant and temperature/season in time series studies. 
2.2.4.2.1 Nonparametric bivariable response surface model  
The bivariate response surface approach is flexible to examine the interactive effect 
between two continuous predictors on the dependent variable without a rigid linear 
assumption and has been used in several air pollution studies (Lipsett et al. 1997; 
Morris and Naumova 1998; Ren et al. 2006, 2008a, 2008b, 2009; Ren and Tong 
2006; Roberts 2004). Local regression smoothing spline (LOESS) was added to 
GAM core model to display the two-dimensional smooth response surface (Figure-2, 
3) controlled by the smooth parameter span. It was used to observe the pattern of joint 
effect graphically. However, it cannot provide the parametric estimates so that it is 
sometimes difficult to judge whether the effect modification occurs or not. 
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Figure- 2 The joint influence of PM10 and minimum temperature 
on asthma emergency room visits, Santa Clara County, 
California, in the winters of 1988-1989 through 1991-1992. 
(Lipsett et al. 1997) 
Figure- 3 Bivariate response surfaces of minimum 
temperature and PM10 on health outcomes on current day for 
cardiovascular mortality in Brisbane, Austria, 1996-2001. 
(Ren and Tong 2006) 
 
2.2.4.2.2 Non-stratification interaction model  
Non-stratification interaction model is fitted by adding the product term of two 
continuous variables into GAM core model (Sunyer and Basagana 2001). Ren et al. 
also used this approach as one of the models to detect interaction in their several 
publications (Ren et al. 2006, 2008a, 2008b, 2009; Ren and Tong 2006). The 
estimated coefficient of the production term with the significant test shows whether 
the interaction departed from multiplicative model or not. However, Rothman 
suggested that interaction as departure from additive model rather than multiplicative 
model better reflects the biological interaction (Rothman KJ et al. 2008). So 
interaction detection just based on the inclusion of the product term is not enough. 
2.2.4.2.3 Parametric stratified model  
Parametric stratified model is fitted by adding the production term of one continuous 
variable and another categorical variable which is very commonly used in most of 
the time series studies while detecting interaction. The effect of one pollutant (e.g. 
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PM10) across the different levels of another variable (e.g. temperature) could be 
estimated using the following formula. So the modified effect of temperature on 
PM10 could be estimated as well. 
log(E(Y)) = á + pm10 × factor(temperature level) + COVs 
Where E(Y) is the expected count of health outcome, COVs are all time varying 
confounders identified in the core model. Relative risks (RRs) with confidence 
intervals were estimated using the method that incorporated coefficient of pollutant 
and the covariance of pollutant and the interaction term (Figueiras et al. 1998; Lipsett 
et al. 1997). 
2.2.4.2.4 Time series classification and regression tree (CART) model  
There was a study which developed time-series CART to explore the possible 
interactive effects of temperature and air pollution on mortality adjusting for 
confounders (e.g. seasonality, weekday and autocorrelations at lags of 1 and 2 days) 
(Hu et al. 2008). The CART is built through a process known as binary recursive 
partitioning. Given a dataset comprising a response variable and a set of explanatory 
variables, the algorithm examines every possible binary split on every explanatory 
variable and chooses the split that optimizes some pre-defined criterion, for example 
minimizing the sum of the squared deviations from the mean in the resultant two 
subgroups for continuous data. This splitting or partitioning is then applied to each of 
the new subgroups. The following Figure-4 depicts a representation of the final 
CART model, which indicates that the probability of daily death was best decided by 
an interaction between maximum temperature and SO2. When maximum temperature 
was over 32°C (116 days), the expected mortality increased by 7.3% and no further 
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splits were found to significantly improve the homogeneity of the subgroup outcome 
(mortality). When daily mean SO2 exceeded 3.15 parts per billion (ppb, around 
8.25μg/m3) and maximum temperature was in the range of 29°C to 32°C (17 days), 
the expected mortality rose by 12.1%. However, CART model has not been accepted 
widely and used to examine interaction in other time series studies. 
 
Figure- 4 Regression tree for the relationship between maximum temperature, SO2 and 
mortality (Hu et al. 2008) 
Expected daily increase rate = (expected mortality-mean of mortality)/mean of mortality.  
 
2.2.4.3 Biological mechanisms of interaction between pollutants 
The underlying mechanisms linking air pollutants to increased cardiorespiratory risk 
have been studied. In general, air pollution exposure is associated with changes in a 
variety of subclinical physiological end points that relate to cardiorespiratory health, 
including enhanced pulmonary inflammation and oxidative stress; blood coagulation 
and thrombosis; vascular dysfunction and atherosclerosis; and impaired cardiac 
autonomic function (Kampa and Castanas 2008; Pope 2009;). Some researchers even 
found that the smallest particles could translocate from the lungs into the circulation 
and thus influence cardiovascular endpoints more directly (Nemmar et al. 2002). 
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However, the mechanisms underlying specific interaction between particles and 
gaseous pollutants are not very clear. An early animal study examined the 
mechanism of physical adsorption hypothesis and suggested the particles served as 
carriers for nitrogen dioxide, delivering this irritant gas to localized areas within the 
lungs where the particles deposited (Boren 1964). This was an early example of 
synergism. A series of experimental studies found the synergistic interaction of 
ozone and respirable aerosols on rat lungs (Last JA et al. 1986; Warren DL and Last 
JA 1987; Warren DL et al. 1986, 1988), and the combination of NO2 with respirable 
acidic aerosols would also demonstrate interactive effects on rat lungs (Last and 
Warren 1987). 
Mechanisms through the chemical reaction in the exposure atmosphere or on a 
particle surface, or through the alteration of the pulmonary environment were 
suggested to explain the interaction between particle and gaseous pollutants 
(Schlesinger 1995). Combined particles air pollution and ozone exposure increased 
airway responsiveness in mice (Goldsmith et al. 2002), PM2.5 plus ozone impair 
vascular function and raised diastolic blood pressure (Brook et al. 2009), decreased 
heart rate variability (HRV) and led to poor cardiac autonomic function (Power et al. 
2008). A study examined the interaction between ozone and airborne particulate 
matter in office air (Molhave et al. 2005) found the combined exposure caused 
significantly more effects than either ozone exposures or dust exposures, and the 




2.2.5 Conclusion remarks 
Literature on the examination of interaction between PM10 and gaseous pollutants 
was sparse. Among the 12 studies concerned about this issue, interactive effects of 
PM10 and ozone or NO2 on cardio-respiratory mortality or hospital admissions were 
found when pollution concentrations were higher than median or even higher than 
90th percentile. Interactive effect between PM10 and SO2 was only found in some 
European cities in almost twenty years ago whilst the SO2 concentrations were much 
higher than those in most of the developed countries nowadays. Several multicity 
studies identified that the city-specific long-term NO2 or O3 levels would be acted as 
modifiers for the short-term effect of PM10 on mortality or morbidity. However, the 
direction of interaction detected in the studies listed in Table-4 & 5 was inconsistent 
and inclusive. The reasons for the inconsistent results might be due to the different 
study population, different pollution composition and concentration range, different 
end-points examined, and most of all, the inadequate statistical approaches and not 
enough power to detect interaction. 
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Chapter 3  Differential health effects of fine and 
coarse particles 
3.1 Objectives 
   The Specific objectives of this part of study were as follows: 
   1. To differentiate the health effects of PM2.5 and PMc simultaneously on 
emergency hospital admissions for respiratory diseases in Hong Kong after adjusting 
for the gaseous pollutants; 
   2. To differentiate the health effects of PM2.5 and PMc simultaneously on 
emergency hospital admissions for cardiovascular diseases in Hong Kong after 
adjusting for the gaseous pollutants. 
3.2 Materials and Methods 
3.2.1 Data on particulate pollutants and meteorology variables 
Air pollution data between January 2000 and December 2005 were collected from 
the Environmental Protection Department. There are a total of eleven general 
monitoring stations in Hong Kong. All of them had PM10 and gaseous pollutants 
(nitrogen dioxide, NO2; sulfur dioxide, SO2; ozone, O3) monitoring, but only three of 
them (Tsuen Wan, Tap Mun and Tung Chung) had simultaneous PM2.5 data during 
the study period. The Tap Mun and Tung Chung stations are located in remote areas 
in Hong Kong and the Tsuen Wan station is located geographically close to the 
center of the entire Hong Kong (Figure-7), and thus the data monitored in Tsuen 
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Wan station are likely to be more representative of Hong Kong’s air quality in 
general. In addition, the Tsuen Wan station is not in direct proximity to traffic, 
industrial sources, buildings or residential sources of emissions from the burning of 
coal, waste, or oil. Therefore, instead of taking the average of the 3 stations with 
simultaneous PM10 and PM2.5 data, we used the data from the Tsuen Wan station 
only. 
We calculated twenty-four-hour mean concentrations from non-missing data if at 
least 18 of 24 hourly concentrations of PM10 or PM2.5 were available. We used 
simple average without filling in missing data to compute the daily mean. PMc 
concentrations were estimated by subtracting daily mean PM2.5 from PM10. Unlike 
some studies that examined PMc using every 3rd or 6th day PM data (Lin et al. 2005; 
Peng et al. 2008), daily data were available during the study period in our study. 
We generated daily 24 hour mean concentrations of NO2, SO2 and 8 hour mean 
(10:00~18:00) concentration of O3 from the same monitoring station Tsuen Wan 
using the same method as for PM2.5. Allowing adjustment for the effect of weather 
factors on hospital admissions, we collected daily mean temperature and relative 
humidity for the same period from the Hong Kong Observatory. 
3.2.2 Data on emergency hospital admissions for cardio-respiratory 
diseases 
We collected city wide emergency hospital admissions (admissions through the 
accident and emergency services) for respiratory diseases in Hong Kong from 
January 2000 to December 2005. The hospitals included for compilation of hospital 
admissions were the publicly funded hospitals providing 24 hours accident and 
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emergency services and covering 90% of hospital beds in Hong Kong for local 
residents (Wong TW et al. 1999). Patient data captured from the computerized 
medical record system included age, date of admission, source of admission, hospital, 
residential address and principal diagnosis on discharge coded with International 
Statistical Classification of Diseases, 9th Revision (ICD-9; (WHO 1975)).  
We chose the following hospital admissions through the accident and emergency 
services for diseases as the health outcomes: 
z Diseases of the respiratory system (ICD-9:460-519), and its two subsets 
• Chronic obstructive pulmonary diseases (COPD, ICD-9: 490-496); 
• Asthma (ICD-9: 493); 
z Diseases of the circulatory system (ICD9:390-459), and its three subsets 
• Cardiac diseases (ICD-9: 390-429); 
• Ischemic heart diseases (IHD, ICD-9: 410-414); 
• Cerebrovascular diseases (ICD-9: 430-438). 
We excluded influenza (ICD-9:487.0-487.8) from total respiratory diseases because 
previous studies demonstrated that influenza outbreak is a potential confounder in the 
data analysis (Ren et al. 2006). We also compiled emergency hospital admissions for 
total respiratory and cardiovascular diseases with residential addresses in the region 
around the Tsuen Wan air monitoring station (including Tsuen Wan, Kwai Tsing and 
Sham Shui Po districts – designated TW Residents), in order to address the issue of 
possible exposure misclassification. 
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3.2.3 Statistical models 
3.2.3.1 Core model set up 
Generalized additive modeling (GAM) with log link allowing Poisson 
auto-regression and overdispersion was used to model the relationship between the 
daily PMc concentrations and health outcomes (Trevor Hastie 1990). We used 
penalized smoothing spline (Host et al. 2008; Kan et al. 2007) for filtering out 
seasonal patterns and long-term trends in daily morbidity, as well as temperature and 
relative humidity. We also included an adjustment for the day of the week and 
dichotomous variables including public holidays and influenza epidemics. 
To reduce the problems associated with multiple testing and model selection 
strategies, we followed some previous time series studies to select a priori model 
specification and the degree of freedom (df) for time trend and other meteorological 
variables (Bell et al. 2008; Lee et al. 2006; Peng et al. 2008; Wong CM et al. 2002). 
Specifically, we used a df of 7 per year for time trend, a df of 6 for mean temperature 
of current day (Temp0) and the moving average of previous 3 days (Temp1-3), and a df 
of 3 for relative humidity on current day (Humidity0). A somewhat larger value of 
degree of freedom was necessary for temperature in order to capture the well-known 
“J-shape” nonlinear relationship between temperature and morbidity. We included the 
day of the week (DOW) and public holidays (Holiday) in the model as dummy 
variables (Schwartz et al. 1996). To adjust for the confounding effect of influenza 
epidemics on emergency hospital admissions, we entered a dummy variable for the 
weeks with the number of influenza hospital admissions exceeding the 75 percentile 
in a year into the core model (Wong CM et al. 2002).  
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Briefly, we set up a core model to remove the long term trends, seasonal variations 
and adjust for time varying confounders as follows: 
log(E(Y)) = α + s(t, df=7/year) + s(Temp0, df=6)+ s(Temp1-3, df=6)+s(Humidity0, 
df=3) +β1*DOW +β2*Holiday +β3*influenza……………………………..[1] 
Here E(Y) means the expected daily emergency hospital admission counts on day t; 
s(.) is the smoother based on penalized spline method; β is the regression coefficient.  
In an attempt to minimize autocorrelation, which would bias the standard errors, we 
specified that the absolute values of PACF for the residuals of core model had be less 
than 0.1 for the first 2 lag days (Wong CM et al. 2008b). If these criteria were not 
met, we then added autoregressive terms such as lag1 to lagn of outcome variables to 
model [1] to reduce autocorrelation. As an example, we set up the final core model to 
fit emergency hospital admissions for total respiratory diseases. Figure-5 is the 
residual plot and the PACF of residuals of the core model [1]. The absolute values of 
PACF for the residuals of core model were larger than 0.1 for the first 3 lag days, 
which showed some autocorrelations in the residuals. So we included three 
autoregressive terms (lag1 ~ lag3 of outcome variable) to core model and then the 
PACF for residuals of the final core model showed no more autocorrelations 
(Figure-6).  
The final core model to fit emergency respiratory hospitalizations is as follows: 
log(E(RES)) = α + s(t, df=7/year) + s(Temp0, df=6)+ s(Temp1-3, df=6)+s(Humidity0, 
df=3) +β1*DOW +β2*Holiday + β3*influenza + RES1 + RES2 + RES3 
……………………………………………..[2] 
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Here E(RES) means the expected daily emergency respiratory hospitalizations counts 
on day t; RESn means lag n day’s emergency respiratory hospitalizations counts.  
 
Figure- 5 Residual and the PACF of residuals of the core model [1] 
 
 
Figure- 6 Residual and the PACF of residuals of the final core model [2] 
 
3.2.3.2 Single-pollutant and two-pollutant models 
If there were no discernible patterns and no autocorrelation in the residuals, potential 
confounding was considered not evident in the daily variations of health outcomes. 
We then estimated the linear effect of PM pollutant with different lag structures 
including both single-day lag (current day up to previous 5 days: lag0-lag5) and 
multi-day lag (average of current day and the previous 1-3 days: lag01, lag02 and 
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lag03), which were so-called single-pollutant models. We also put PM2.5 and PMc at 
the same lag into model simultaneously to estimate the effect of PM2.5 adjusted for 
PMc or the effect of PMc adjusted for PM2.5, which was so-called two-pollutant 
model. In the two-pollutant models, concentration-response relationship estimation 
and sensitivity analyses, we focused on the biologically plausible effects of PM and 
chose 4-day average exposure (lag03) for respiratory and 2-day average exposure 
(lag01) for cardiovascular hospitalizations (Anderson et al. 2001; Chen et al. 2004; 
Host et al. 2008).  
3.2.3.3 Concentration-response relationship 
In order to justify the assumption of linearity between the logarithm of emergency 
hospital admissions and particulate concentrations, we used smoothing function to 
graphically examine the concentration-response relationships between 
cardio-respiratory hospital admissions and PM2.5, PMc respectively (Kan et al. 2007; 
Wong CM et al. 2002). The formulas are as follows, using the respiratory endpoint as 
an example. 
log(E(RES)) = α +s(PM2.5, df=3)+ s(t, df=7/year)+ s(Temp0, df=6)+ s(Temp1-3, 
df=6)+s(Humidity0, df=3)+β1*DOW +β2*Holiday + β3*influenza + RES1 + RES2 + RES3 
……………………………………………..[3] 
log(E(RES)) = α + s(PMc, df=3)+ s(t, df=7/year) + s(Temp0, df=6)+ s(Temp1-3, 




3.2.3.4 Sensitivity analysis 
In addition to data analysis with the entire range of particulate concentrations, we 
performed sensitivity analysis excluding days with extremely high or low 
concentrations (i.e. the highest 1% and lowest 1% values were excluded).  
Given that it was not easy to determine the optimal values of df for time trend and 
weather conditions in GAMs, whether from statistical or biological plausibility 
perspectives, we did sensitivity analysis to examine the impact of df selection on the 
effect estimates of PMc or PM2.5.  
In order to address possible exposure misclassification while using pollution data 
from one central monitoring station, we did sensitivity analysis by restricting the 
emergency hospital admissions for total respiratory and cardiovascular diseases to 
persons residing in Tsuen Wan region (TW Residents). We also examined the effects 
of PM2.5 and PMc on emergency cardio-respiratory hospitalizations after adjusting 
for the confounding effects of gaseous pollutants (NO2, SO2 and O3). 
We conducted all analyses in R2.10.0 while loading MGCV package (R 
Development Core Team, 2010). We reported the results as the percent increase 
(Excess relative risk, ERR, %) with 95% confidence interval (CI) in daily emergency 




3.3.1 Location of Tsuen Wan station, Tsuen Wan region 
Figure-7 is a map of Hong Kong, showing the location of Tsuen Wan monitoring 
station, Tsuen Wan region where we conducted the restricted analysis in Tsuen Wan 
residents, and the locations of other general monitoring stations. 
 
Figure- 7 Location of Tsuen Wan station, Tsuen Wan region (central dark-grey area) 
and all the other general monitoring stations in Hong Kong 
 
3.3.2 Air pollution concentrations and meteorological factors 
During the study period between 1 January, 2000 and 31 December, 2005, there were 
195 days with missing PMc data, which accounted for 8.9% of the total number of 
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days. The daily mean concentrations of PM2.5 and PMc were 39.4 and 16.6 μg/m3, 
with an IQR 26.3 and 10.9 μg/m3 respectively. PM2.5 accounted for a substantial part 
of the mass concentration of PM10 in Hong Kong: the ratio of PM2.5 to PM10 ranged 
from 40% to 98%, with an average of 70%. In other words, PMc accounted for about 
30% of PM10 mass concentration. The daily mean concentrations of NO2, SO2 and O3 
were 64.4, 22.9 and 31.1 μg/m3, respectively (Table-6). Generally, PM10 was 
strongly correlated with both PM2.5 (correlation coefficient, r=0.97) and PMc 
(r=0.84); PM2.5 and PMc were moderately correlated (r=0.68). The correlation 
coefficients for PM2.5 and gaseous pollutants were moderate to high (r=0.79 for NO2, 
r=0.46 for SO2, r=0.47 for O3), while the correlation coefficients for PMc and 




Table- 6 Distribution of air pollution concentrations in Tsuen Wan and weather 
conditions in Hong Kong from 2000 to 2005 
 
     Percentiles   
Variables 
No. of 
days Mean SD Min. 25th 50th 75th Max. 
Pollution concentration (μg/m3)       
PM10 1998 56.1 27.8 13.5 34.9 49.2 72.5 231.5 
PM2.5 1997 39.4 20.7 8.9 23.8 34.8 50.1 179.8 
PMc 1997 16.6 9.2 0.8 10.0 14.5 20.9 82.9 
NO2 1995 64.4  22.4 13.0  48.4  61.6  77.4  193.9 
SO2 1998 22.9  17.1 1.0  11.3  18.3  28.7  143.3 
O3 1995 31.1  24.3 1.0  13.2  24.2  42.8  171.7 
Meteorology measures         
Temperature (oC) 2192 23.5 5.0 8.2 19.6 24.9 27.8 31.8 
Relative humidity (%) 2192 78.2 9.7 32 73 79 85 97 
Abbreviations: SD-standard deviation; Min.-minimum; Max.-maximum. 
 
 
Table- 7 Pearson Correlation coefficients between particles concentration, gaseous 
pollutants and weather conditions* 
 
Pollutants PM10 PM2.5 PMc NO2 SO2 O3 Temperature
PM10 1.000       
PM2.5 0.969 1.000      
PMc 0.836 0.675 1.000     
NO2 0.771 0.786 0.560 1.000    
SO2 0.432 0.461 0.267 0.493 1.000   
O3 0.475 0.472 0.370 0.303 0.022 1.000  
Temperature -0.304 -0.285 -0.278 -0.298 0.163 0.054 1.000 
Relative 
humidity 
-0.470 -0.409 -0.498 -0.282 -0.062 -0.582 0.213 
*: All correlation coefficients except that between O3 and SO2 are statistically significant (P<0.05). 
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3.3.3 Emergency hospital admissions for cardio-respiratory diseases 
From January 1, 2000 to December 31, 2005, we recorded a total of 710,247 hospital 
admissions for respiratory diseases and 612,551 hospital admissions for circulatory 
diseases in the study population. Among them the hospitalizations through accident 
and emergency services (emergency hospital admissions) were 518,864 for 
respiratory and 338,123 for cardiovascular diseases, respectively. On average, there 
were 237, 81 and 20 emergency hospital admissions per day for total respiratory 
diseases, COPD and asthma respectively. And there were 154, 95, 30 and 47 
emergency hospital admissions per day for total circulatory diseases, cardiac diseases, 
IHD and cerebrovascular diseases respectively. The average numbers of emergency 
hospital admissions in Tsuen Wan residents were about 50 per day for respiratory 
diseases and 32 per day for circulatory diseases (Table-8).  
 
Table- 8 Summarized statistics of daily emergency hospital admissions for 
cardio-respiratory diseases in Hong Kong from 2000 to 2005 (n=2192) 
     Percentiles   
Variables Mean SD Min. 25th 50th 75th Max. 
Daily emergency hospital admissions for respiratory diseases 
Total Respiratory Diseases 236.7 55.4 89 198 230 269 518 
COPD 81.1  20.3  22 68 80 95 165 
 Asthma 19.6  8.0  1 14 19 25 61 
   Respiratory Diseases in TW 
residents 
50.0 12.4 18 41 49 57 104 
Daily emergency hospital admissions for cardiovascular diseases 
Total circulatory diseases 154.3 24.3 66 139 153 169 243 
Cardiac diseases 95.1 18.6 34 82 94 106 165 
    Ischemic heart diseases 30.1 6.8 10 25 30 34 64 
     Cerebrovascular diseases 46.7 7.9 22 41 46 52 79 
    Total circulatory diseases 
restricted to TW residents 
32.3 7.5 12 27 32 37 61 
Abbreviations: TW-Tsuen Wan; SD-standard deviation; Min.-minimum; Max.-maximum. 
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3.3.4 Regression results and Sensitivity analysis 
3.3.4.1 Effects of Coarse Particulate Matter on Emergency Hospital Admissions 
for Respiratory Diseases 
Figure-8 summarizes the effects of PMc on emergency hospital admissions for 
respiratory diseases, COPD and asthma. We found that PMc was significantly 
associated with emergency hospital admissions for total respiratory diseases and 
COPD on nearly all the lags examined in single pollutant models, while the 
associations with asthma hospitalizations were positive, but with statistically 
significant only for lag4, lag5 and lag03 (Figure-8).  
An IQR increase in the 4-day moving average concentration of PMc (lag03) 
corresponded to 1.94% (95% CI: 1.24%, 2.64%), 3.37% (2.26%, 4.49%) and 2.32% 
(0.14%, 4.55%) increase of emergency hospital admissions for total respiratory 
diseases, COPD and asthma, respectively. After adjusting for PM2.5 in the 
two-pollutant models, the effects of PMc on respiratory and COPD hospital 
admissions were attenuated, but remained statistically significant with an ERR of 
1.05% (95%CI: 0.19%, 1.91%) and 1.78% (0.41%, 3.16%) respectively , while the 




Figure- 8 Percent increase (ERR % with 95%CI) in emergency hospital admissions due 
to total respiratory diseases, COPD and asthma for an IQR (10.9-μg/m3) increase in 




Table- 9 Percent increase (ERR% with 95%CI) of emergency respiratory hospital 
admissions associated with an IQR increase in particle concentrations* 
 
Pollutant Total Respiratory COPD Asthma 
Single Pollutant Model    
PMc  1.94 (1.24, 2.64) 3.37 (2.26, 4.49) 2.32 (0.14, 4.55) 
PM2.5  2.58 (1.73, 3.44) 4.44 (3.11, 5.80) 4.35 (1.66, 7.11) 
Two Pollutants Model    
PMc  1.05 (0.19, 1.91) 1.78 (0.41, 3.16) 0.27 (-2.42, 3.03) 
PM2.5  1.81 (0.76, 2.87) 3.13 (1.48, 4.81) 4.14 (0.77, 7.63) 
*Four-day moving average (current day to previous 3 days, lag03) of particle concentrations were used to 




Figure-9 shows the smoothing curves of the concentration-response relationships 
between PMc and emergency hospital admissions for total respiratory diseases. The 
concentration-response curve tended to become nonlinear at the higher 
concentrations of PMc, but uncertainty was high due to the data paucity at this range 
(Figure-9A). Considering the linear assumption in estimating the PMc effect in GAM, 
we then excluded the highest 1% and the lowest 1% extremes of PMc concentrations. 
The curve appeared essentially linear after excluding the 2% extremes of PMc 
concentrations (Figure-9B). The estimated effect (slope) of PMc modeled as a linear 
variable after excluding days with extreme concentrations increased slightly and 
remained statistically significant, either before or after adjustment for PM2.5 
(Table-10).  
Sensitivity analysis restricting to emergency respiratory hospitalizations in Tsuen 
Wan residents showed that the risk estimates of PMc were slightly higher with wider 
confidence intervals, but remained statistically significant after adjustment for PM2.5. 
Adjustment for the gaseous pollutants showed that the effects of PMc on total 
respiratory hospitalizations were stable and not sensitive to the inclusion of NO2, SO2 
or O3 into the model (Table-10). 
Figure-10 displays the percent increase of emergency respiratory hospital admissions 
associated with an IQR (10.9 μg/m3) increase in 4-day moving average concentration 
of PMc (lag03), with a range of different df choices for the smoother of time, 
temperature and relative humidity in single pollutant model. Varying the df for time 
trend (within the range of 6-12 per year) and for weather conditions (within the range 
of 3-12) did not affect the regression results substantially, suggesting that the effect 
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estimates for PMc based on a df of 7 per year for time trend, a df of 6 for temperature 
and 3 for relative humidity were relatively robust in this respect. 
 
Table- 10 Percent increase (ERR% with 95%CI) of emergency hospital admissions for 
total respiratory diseases associated with an IQR increase in particle concentrations* 
 
Additionally adjusted for gaseous pollutants c  Restrict analysis 
for PMc in P1~P99 a
Restrict analysis 
in TW residents b NO2 SO2 O3 
Single pollutant model      
PMc  2.37 (1.51, 3.24) 2.66 (1.33, 4.02) 1.58 (0.86, 2.30) 1.96 (1.26, 2.67) 1.85 (1.15, 2.56)
PM2.5  2.55 (1.67, 3.43) 3.02 (1.42, 4.65) 1.98 (1.04, 2.94) 2.74 (1.87, 3.63) 2.43 (1.55, 3.32)
Two pollutants model      
PMc  1.32 (0.23, 2.42) 1.78 (0.11, 3.47) 1.07 (0.21, 1.94) 1.02 (0.16, 1.89) 1.08 (0.22, 1.95)
PM2.5  1.70 (0.59, 2.82) 1.72 (-0.26, 3.74) 1.19 (0.05, 2.33) 1.97 (0.89, 3.06) 1.62 (0.53, 2.71)
*: Four-day moving average (current day to previous 3 days, lag03) of particle concentrations were used to estimate the health 
effects. IQR: interquartile range, for PMc and PM2.5 was 10.9 and 26.3μg/m3 respectively. a: Analysis restricted to 1% to 99% 
percentiles (6.42-42.96 μg/m3) of PMc concentration; b: Analysis restricted to hospital admissions in Tsuen Wan residents; c: 





Figure- 9 Concentration-response curves between the logarithm of emergency 
respiratory hospital admission and particle concentration (df=3) 
The density of the vertical bars on the x-axis shows the distribution of pollutant 
concentration. A: analysis covering the entire range of PMc concentrations; B: restricted 
analysis excluding days with the lowest 1% and the highest 1% PMc concentrations. 
 
 
Figure- 10 Sensitivity analyses for varying df for time trend and weather conditions on 
emergency respiratory hospital admissions based on an IQR increase of lag03 PMc 
concentrations. 
A: df=6~12 per year for time trend; B: df=3~12 for current day and previous 3 days’ mean 
temperature; C: df=3~12 for current day relative humidity. 
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  3.3.4.2 Differential effects of fine and coarse particles on emergency hospital 
admissions for cardiovascular diseases 
Figure-11 summarizes the effects of PM2.5 (Figure-11A) and PMc (Figure-11B) on 
emergency hospital admissions for total circulatory diseases, cardiac diseases, IHD 
and cerebrovascular diseases. We found both PM2.5 and PMc to be significantly 
associated with total circulatory, cardiac and especially IHD emergency hospital 
admissions on nearly all the lags examined in the single pollutant models, but not 
with cerebrovascular diseases. An IQR increase in lag01 concentration of PM2.5 
corresponded to 1.75% (95% CI: 0.94%, 2.57%), 2.61% (1.60%, 3.64%) and 3.47% 
(1.84%, 5.12%) increase of emergency hospital admissions for total circulatory 
diseases, cardiac diseases and IHD respectively. The corresponding effect estimates 
of PMc in lag01 were a little lower, with an ERR of 0.83% (95% CI: 0.10%, 1.58%), 
1.49% (0.57%, 2.41%) and 2.40% (0.90%, 3.92%) increase of emergency hospital 
admissions for total circulatory diseases, cardiac diseases and IHD respectively 
(Table-11). 
In the two-pollutant models, the effects of PM2.5 on emergency hospital admissions 
for total circulatory, cardiac and IHD changed slightly and remained statistical 
significant with an ERR of 1.86% (95%CI: 0.85%, 2.88%), 2.50% (95%CI: 1.25%, 
3.77%) and 2.97% (0.96%, 5.02%) respectively. However, the effects of PMc 
attenuated greatly and lost statistically significant. We did not find any effects of 
PMc on each subset of circulatory hospitalizations independent of PM2.5 (Table-11).   
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Figure- 11 Percent increase (ERR % with 95%CI) in emergency hospital admissions for 
circulatory diseases for an IQR increase in PM2.5 (26.3-μg/m3) (A) and PMc (10.9-μg/m3) (B) 
concentrations with different lag structures (lag0~lag5, lag01~lag03) in single pollutant model. 
 
Table- 11 Percent increase (ERR% with 95%CI) of emergency circulatory hospital 












Single Pollutant Model     
PM2.5  1.75 (0.94, 2.57) 2.61 (1.60, 3.64) 3.47 (1.84, 5.12) 0.39 (-0.85, 1.65) 
PMc  0.83 (0.10, 1.58) 1.49 (0.57, 2.41) 2.40 (0.90, 3.92) -0.41 (-1.57, 0.77)
Two Pollutants Model     
PM2.5  1.86 (0.85, 2.88) 2.50 (1.25, 3.77) 2.97 (0.96, 5.02) 1.01 (-0.54, 2.59) 
PMc  -0.16 (-1.07, 0.76) 0.17 (-0.95, 1.29) 0.76 (-1.07, 2.63) -0.97 (-2.41, 0.49)
* Average concentration of current day and previous 1 day (lag01) of particle concentrations 
were used to estimate the health effect. IQR: interquartile range, for PMc and PM2.5 was 10.9 
and 26.3μg/m3 respectively. 
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Figure-12 shows the smoothing curves of the concentration-response relationships 
between PM2.5, PMc and emergency hospital admissions for total circulatory diseases. 
The concentration-response curves for PM2.5 and PMc tended to become nonlinear at 
the higher concentration which was probably due to the data paucity at this range 
(Figure-12A). Considering the linear assumption in estimating the particles effect in 
GAM, we then excluded days with the highest 1% and the lowest 1% extremes of 
PM2.5 and PMc concentrations. The curves appeared essentially linear after that 
(Figure-12B). The effects (slopes) of both PM2.5 and PMc after excluding days with 
the extreme concentrations increased slightly and only the effect of PM2.5 remained 
statistically significant in two-pollutant model (Table-12).  
Sensitivity analysis restricted to emergency circulatory hospitalizations in TW region 
showed the risk estimates of PM2.5 were slightly higher with wider confidence 
intervals, but remained statistically significant after adjustment for PMc. We did not 
detect any statistical significant effects of PMc in either single pollutant or 
two-pollutant model. Further adjustment for the gaseous pollutants showed that the 
effects of PM2.5 or PMc were quite sensitive to the inclusion of NO2, but not of SO2 
or O3 into the model (Table-12). 
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Figure- 12 Concentration-response curves between the logarithm of emergency hospital 
admission for total circulatory diseases and particle concentration (df=3). 
The density of the vertical bars on the x-axis shows the distribution of pollutant concentration. The 
estimated mean percentage of change in daily admission is shown by the solid line, and the dotted lines 
represent twice the point-wise standard error. A: Analysis covered the entire range of PM2.5 and PMc 
concentration; B: Analysis restricted to 1% to 99% percentiles of lag01 PMc (5.33-45.65 μg/m3) and PM2.5 
(13.43-97.44 μg/m3) concentration. 
 
Table- 12 Percent increase (ERR% with 95%CI) of emergency hospital admissions for 
total circulatory diseases associated with an IQR increase in particle concentrations* 
Additionally adjusted for gaseous pollutants c  Restrict analysis 
for PM in P1~P99 a
Restrict analysis 
in TW residents b NO2 SO2 O3 
Single pollutant model      
PM2.5  2.27 (1.35, 3.19) 2.97 (1.43, 4.54) 0.78 (-0.21, 1.78) 1.27 (0.39, 2.16) 2.23 (1.37, 3.10) 
PMc  1.45 (0.54, 2.36) 0.74 (-0.69, 2.19) 0.24 (-0.54, 1.02) 0.52 (-0.23, 1.28) 0.97 (0.22, 1.73) 
Two pollutants model      
PM2.5  2.16 (1.02, 3.31) 3.89 (1.95, 5.87) 0.86 (-0.30, 2.03) 1.36 (0.30, 2.44) 2.38 (1.32, 3.46) 
PMc  0.18 (-0.93, 1.30) -1.40 (-3.14, 0.38) -0.12 (-1.02, 0.80) -0.14 (-1.04, 0.78) -0.23 (-1.13, 0.69) 
*: Average concentration of current day and previous 1 day (lag01) was used to estimate the percent increase of 
emergency hospital admissions for total circulatory admissions based on an IQR increase of PM2.5 (26.3μg/m3) and 
PMc (10.9μg/m3). a: Analysis restricted to 1% to 99% percentiles of lag01 PMc (5.33-45.65 μg/m3) and PM2.5 
(13.43-97.44 μg/m3) concentration; b: Analysis restricted to hospital admissions in Tsuen Wan residents; c: Analysis 
covered the entire range of PM concentration and city-wide circulatory admissions.  
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Figure-13 displays the percent increase of emergency circulatory hospital admissions 
associated with an IQR (26.3 μg/m3) increase in lag01 concentrations of PM2.5, with a 
range of different df choices for the smoother of time, temperature and relative 
humidity in two-pollutant models. Varying the df for time trend (within the range of 
6-12 per year) and for weather conditions (within the range of 3-12) did not affect the 
regression results substantially, suggesting that the effect estimates of PM2.5 and PMc 
(results not shown) based on a df of 7 per year for time trend, a df of 6 for 




Figure- 13 Sensitivity analyses for varying df for time trend and weather conditions on 
emergency hospital admissions for total circulatory diseases based on an IQR increase 
of lag01 PM2.5 concentrations. 
A: df=6~12 per year for time trend; B: df=3~12 for current day and previous 3 days’ mean 
temperature; C: df=3~12 for current day relative humidity. 
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3.4 Discussion 
3.4.1 Main findings of this study 
This study is one of the few that have investigated the associations between 
particulate matter pollution and cardio-respiratory hospitalizations that provided 
effect estimates for both PM2.5 and PMc simultaneously with the same time lag. We 
found significantly positive associations between both PMc and PM2.5 concentrations 
and increased emergency hospital admissions for respiratory diseases in Hong Kong. 
We also found the differential effects of fine and coarse particle fractions on cardiac 
hospitalizations, which showed the fine fraction to be more associated with 
cardiovascular outcomes than the coarse fraction. For the same particle fraction, the 
effect estimates differed according to the different subsets of cardio-respiratory 
diseases used, with the highest ERR for COPD in respiratory diseases or highest 
ERR for IHD in cardiovascular diseases. To our knowledge, this study is the largest 
single city study to date examining the effects of PM2.5 and PMc simultaneously on 
emergency cardio-respiratory hospitalizations, with almost a million of emergency 
hospital admissions spreading over a period of 6 years.  
Unlike some studies which used every third or sixth day PM data (Lin et al. 2005; 
Peng et al. 2008), we used every day data and were able to estimate the effects of 
multiday average concentrations of PM2.5 and PMc, which were in general larger in 
magnitude than the effects of single day lags. Additionally this allowed for a more 
extensive examination of different lag structures, including both single-day lags and 
multiday lags. In single-pollutant models, we found positive associations on nearly all 
the lags examined between PM2.5 and PMc and emergency hospital admissions for 
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total respiratory diseases and COPD; total circulatory diseases, cardiac diseases and 
IHD. The estimated effect of PMc on asthma appeared to be strongest several days 
after exposure, consistent with previous studies (Ko et al. 2007b; Lin et al. 2002). We 
did not find any significant associations between PM2.5 and PMc and cerebrovascular 
diseases. In joint PM2.5 and PMc two-pollutant models, the associations between PMc 
and emergency hospital admissions remained statistically significant for respiratory 
diseases but not for circulatory diseases, while the effects of PM2.5 were statistically 
significant for both respiratory diseases and circulatory diseases. 
3.4.2 Compared with findings from the literature 
A few studies examined the effects of PMc on respiratory admissions after adjusting 
for PM2.5 (Burnett et al. 1999; Chen et al. 2004; Ito 2003; Peng et al. 2008) but only 
one (Burnett et al. 1999) detected significant effects of PMc independent of PM2.5. 
However, unlike the daily measurements used in our study, daily levels of PMc and 
PM2.5 in that study were estimated from 6-day sampling and not directly measured. A 
few studies reported positive associations between PMc and asthma hospitalizations 
in children, but the authors did not control the possible confounding effect from 
PM2.5 (Lin et al. 2002; Tecer et al. 2008). Two recent studies demonstrated a 
significant increase in emergency hospital admissions for COPD and marginally 
significant increase for IHD on the day of dust storm events in Hong Kong, when the 
levels of coarse particles were very high, suggesting the adverse effect of coarse 
particles on lung health (Tam et al. 2012a; 2012b). 
Our results were consistent with some previous studies that examined the effects of 
PM2.5 and PMc simultaneously on cardiovascular hospitalizations in six French cities 
(Host et al. 2008), in Toronto, Canada (Burnett et al. 1999), in central London 
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(Atkinson et al. 2010), and in Detroit, USA (Ito 2003). The concentrations of 
particles pollution in these cities were lower than those in Hong Kong, but the studies 
all supported significantly positive associations with both PM2.5 and PMc on 
respiratory admissions, while significantly positive associations with cardiovascular 
endpoints were found only for PM2.5 but not PMc. The largest NMMAPS conducted 
in 202 US urban counties found that short-term exposure to PM2.5 increased the risk 
of hospital admissions for cardio-respiratory diseases (Dominici et al. 2006), while 
another NMMAPS using available data in 108 US counties failed to find any 
significant effects of PMc on cardio-respiratory admissions (Peng et al. 2008). Even 
in the single-pollutant models, still some studies reported the non-significant effects 
of PMc on cardiovascular admissions (Anderson et al. 2001; Halonen et al. 2009) or 
emergency visits (Metzger et al. 2004; Tolbert et al. 2000).  
Englert suggested that the relative sizes of the effects attributed to fractions of PM10 
depended on their relative mass percentages (Englert 2004). Considering that the 
mass percentage of PMc to PM10 was in general rather low, the probability of finding 
significant associations with PMc was also expected to be low. Although PMc 
represented only about 30% of the PM10 mass concentration in our study, we 
estimated statistically significant ERRs for emergency respiratory hospital 
admissions in association with PMc, which supports a specific effect of this PM 
fraction.  
It is worthwhile noting that PMc from different sources and with different chemical 
compositions in various study settings could also result in differing effects. The 
differences in associations estimated for Hong Kong and US populations (Chang et 
al. 2011; Peng et al. 2008) might be explained by differences in the compositions of 
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PMc. Further studies are needed to examine the health effects of the specific 
components in PMc.  
3.4.3 Exposure windows selection and possible misclassification 
Besides examining both single-day lags (lag0~lag5) and multi-day lags (lag01~lag03) 
in single-pollutant models, we focused on the biologically plausible effects of PM and 
chose the lag structure at lag03 for respiratory diseases and lag01 for circulatory 
diseases in two-pollutant models and sensitivity analyses (Anderson et al. 2001; 
Chen et al. 2004; Host et al. 2008). We selected the longer exposure window for 
respiratory hospitalizations because previous studies showed that respiratory diseases 
were more affected by PM pollution levels on the previous days, whereas 
cardiovascular diseases were more affected by same-day pollution (Braga et al. 2001; 
Linares and Diaz 2010). Using the average levels of lag0 and lag1 concentrations 
could have introduced an underestimation of the true relationships (Zanobetti et al. 
2002), but avoids a potential bias resulting from multiple test and selectively 
reporting the most significant results (Anderson et al. 2005). 
Possible misclassification in this study may include exposure misclassification and 
diseases misclassification. Exposure misclassification is a well-recognized limitation 
of time series air pollution studies, in which the aggregate monitoring data are used 
to represent the population exposure. In general, exposure misclassification tends to 
reduce the sensitivity of detecting the associations between air pollution and health 
outcomes. Zegar et al. have discussed three components of measurement error: a) an 
individual's deviation from the risk-weighted average personal exposure; b) the 
difference between the average personal exposure and the true ambient level; and c) 
the difference between the measured and the true ambient levels, which includes 
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spatial variation and instrument error. Authors argued that the first and third 
components are likely to have smaller effects on the relative risk estimates. However, 
the second component can be a source of substantial bias if, for example, there are 
short-term associations of the contributions of indoor sources with ambient 
concentrations (Zegar et al. 2000). 
The patient data were collected from the computerized medical record system from 
Hong Kong Hospital Authority, which covered about 90% of all hospital beds in 
Hong Kong and included date and source of admission, and principal diagnosis on 
discharge coded with ICD-9, etc. We abstracted the daily count of hospital 
admissions for cardio-respiratory diseases with the ICD-9 codes as the principal 
diagnosis and through the accident and emergency services (emergency hospital 
admissions) as the health outcomes. The possibility of disease misclassification is 
low, as discharge coding was done by attending medical doctors and uniform ICD-9 
codes were used throughout the study period. Even if diseases misclassification 
exists, it should be non-differential and would not influence the day to day variations. 
3.4.4 Sensitivity analyses of main findings 
The concentration-response relationships associated PM2.5 and PMc with emergency 
hospital admissions for total respiratory or circulatory diseases were almost linear 
after excluding the highest 1% and the lowest 1% extreme concentrations of PM2.5 
and PMc, and the slopes increased slightly. Our results were robust and were not 
substantially modified by varying the degrees of freedom for the smoothers of time 
and weather conditions. Possible exposure misclassifications were examined by 
restricting emergency respiratory hospitalizations among residents living near the 
monitoring station, which were consistent with the overall results and provided 
 66
supports for using particulate matter data from a single central monitoring station in 
our main analyses. While similar restricted analysis was conducted for emergency 
circulatory diseases, we found the association with PM2.5 was strengthened but the 
association with PMc was attenuated. The results might suggest some more spatial 
variations and larger exposure misclassification for PMc than PM2.5, as previously 
studies indicated (Chang et al. 2011; Wilson and Suh 1997). 
We have separately examined the possible confounding effects of the gaseous 
pollutants (NO2, SO2, O3). We found that the effect sizes of PM2.5 and PMc on 
emergency respiratory hospital admissions changed very little with the inclusion of 
these three gaseous pollutants. We also found that the effect sizes of PM2.5 and PMc 
on emergency circulatory hospital admissions changed slightly with the inclusion of 
SO2 or O3 into the model. However, the associations with both PM2.5 and PMc were 
no longer significant when NO2 was included in the models, showing the effects of 
particles pollution on cardiovascular hospitalizations were not independent of NO2. 
Few previous studies examined the PM effects on cardio-respiratory hospitalizations 
after adjustment for the gaseous pollutants and got the similar results (Burnett et al. 
1997; Chen et al. 2004, 2005; Lin et al. 2002, 2005). The correlation coefficients (r) 
between PM2.5, PMc and NO2 (r=0.785 and 0.557 respectively) were quite high in 
Hong Kong, while the correlations between PM and SO2 or O3 were rather lower, 
which would partly explain the results. Another possible reason might be due to the 
stronger health effect of NO2 than particulate matter on cardiovascular 
hospitalizations in Hong Kong, as several previous studies indicated (Wong CM et al. 
2001; Wong TW et al. 2006). 
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3.4.5 Biological mechanisms of the differential effects of fine and 
coarse particles 
The biological mechanisms underlying the differential effects of PM2.5 and PMc on 
cardio-respiratory emergency hospitalizations might be relevant to the sites of 
deposition in the respiratory tract and the chemical composition of these two factions. 
Compared with PMc, PM2.5 has higher number concentrations, larger surface area 
and better lung deposition. PMc do not penetrate as deeply into the respiratory tract 
as PM2.5 and so more likely to affect the upper and larger airways. PMc originate 
mainly from the soil and abrasive mechanical processes, and thus may also carry 
biological materials such as bacteria, moulds or pollens, and are therefore likely to 
produce adverse health effects in the respiratory system (Almeida et al. 2006). PM2.5 
which is mainly coming from combustion processes has a much greater probability 
of reaching the small airways and the alveoli of the lung. Particles in the alveolar 
region are cleaned more slowly than in the conducting airways, which may be one 
reason for the greater toxic effect of PM2.5. Researchers also found that inhaled 
ultrafine particles could even translate rapidly from the lungs into the blood 
circulation in humans and thus influence cardiovascular endpoints more directly 
(Nemmar et al. 2002).  
Evidences from toxicological studies showed that on an equal mass basis, PM2.5 and 
PMc both produce pulmonary inflammation and oxidative stress, which could lead to 
both respiratory and cardiovascular damage (Pozzi et al. 2003; Shi et al. 2003). A 
study examined the different biological activity of PM2.5 and PMc revealed that 
hemolytic potential was greater for PM2.5 than for PMc in equal mass concentration 
(Diociaiuti et al. 2001). The biological mechanisms underlying the associations 
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between PM2.5 and cardiac diseases also involved modulation of autonomic nervous 
activity by decreasing heart rate variability (Gold et al. 2000) and increase of 
circulating fibrinogen and blood coagulability (Schwartz 2001). An experimental 
study revealed that exposure of mice to PMc resulted in significant pulmonary 
toxicity while ultrafine PM appeared to enhance cardiac ischemia/reperfusion injury 
(Tong et al. 2010), which would support our findings. 
3.4.6 Limitations of this study 
Some limitations of the current study should be noted. We estimated PMc 
concentrations by subtracting PM2.5 from PM10 measurements. A disadvantage of this 
method is that PMc exposure estimates are subjected to two sources of random error 
in measurement (standard error) rather than one, which may reduce the statistical 
power of detecting an association. However, we were still able to detect significant 
associations between PMc and emergency respiratory hospital admissions in Hong 
Kong.  
As in other time-series studies, we used available outdoor monitoring data to 
represent the population exposure to ambient particles. Indoor air pollution and 
personal exposure data were not available. A simulation using data from a recent 
multi-pollutant (PM2.5, O3, and NO2) exposure assessment study conducted in 
Baltimore, Maryland suggested that for PM2.5, ambient concentrations available from 
local monitoring stations might be adequate surrogates for the corresponding total 
personal exposures (Schwartz et al. 2007). On the other hand, PMc levels tend to be 
less spatially homogeneous than PM2.5 because of shorter travelling distance and 
suspending time in the atmosphere (Monn 2001), increasing the likelihood that 
personal exposure will be misclassified in monitor-based studies of ambient PMc. 
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However in our current study, the undetectable association between PMc and cardiac 
hospitalizations should not be probably due to the exposure misclassification because 
the sensitivity analyses restricted to 1% to 99% percentiles of particle concentrations 
or hospital admissions in residents living near the monitoring station also did not 
detect any significant effects of PMc independent of PM2.5.  
3.5 Conclusion and recommendations 
In conclusion, we differentiated the effects of PM2.5 and PMc on emergency hospital 
admissions in Hong Kong, which showed the significantly positive associations with 
both PM2.5 and PMc on respiratory diseases and the much stronger and significantly 
positive associations with PM2.5 than PMc on cardiac diseases. Our findings 
confirmed the adverse effects of PM2.5 on cardio-respiratory hospitalizations and 
added to the growing body of literature about the adverse health effects of PMc and 
the different effects of two fractions of PM10. Further studies are needed to elucidate 
the toxicological differences linked to the different chemical compositions of PM2.5 
and PMc under different settings of time and place, as well as to identify the 
component(s) posing the greatest health risk. 
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Chapter 4  Joint effects/Interactions of PM10 and 
gaseous pollutants 
4.1 Objectives 
The Specific objectives of this part of study were as follows: 
   1. To examine the joint effects of particulate matter and gaseous pollutants one 
by one on emergency hospital admissions for cardio-respiratory diseases in Hong 
Kong, after accounting for time trend, weather conditions and influenza outbreaks; 
   2. To explore the possible interactions between particulate matter and gaseous 
pollution. 
4.2 Materials and Methods 
4.2.1 Data on air pollution and meteorology variables 
We collected air pollution concentrations from 1 January 1998 to 31 December 2007 
from the Environmental Protection Department (EPD). There are totally 11 general 
monitoring stations and 3 roadside stations interspersed in different districts of Hong 
Kong. We excluded roadside stations and one general station located on a remote 
isolate island which reflects the air quality of background environment, and leaving 
10 general monitoring stations to generate daily mean air pollution concentrations. 
We calculated daily 24-hr mean concentrations of PM10, NO2 and SO2, and daytime 
8-hr (10:00–18:00 hours) mean concentration of O3 from the EPD database. We 
defined daily concentrations as non-missing for each monitoring station if at least 18 
of 24 hourly concentrations of each pollutant were available. We first centered 
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non-missing daily means for each station i, that is, subtracting individual daily 
concentrations (Xij) by an annual station mean (Xi) for each day j. We then combined 
the centered data from all stations and added them by the annual mean of all stations 
(X) to form X´ij = (Xij – Xi + X). At last we computed the daily (mean) concentrations 
of individual pollutants for analysis by taking the mean of centered X´ij over all 
stations (Wong CM et al. 2001).  
We collected daily mean temperature and relative humidity for the same period from 
the Hong Kong Observatory. 
4.2.2 Data on emergency hospital admissions for cardio-respiratory 
diseases 
We collected city wide emergency hospital admissions (admissions through the 
accident and emergency services) for cardio-respiratory diseases in Hong Kong from 
1 January 1998 to 31 December 2007. The records of admission were taken from the 
publicly funded hospitals providing 24 hours accident and emergency services and 
covering 90% of hospital beds in Hong Kong for local residents (Wong TW et al. 
1999). Patient data captured from the computerized medical record system included 
age, date of admission, source of admission, hospital, residential address and 
principal diagnosis on discharge coded with International Statistical Classification of 
Diseases, 9th Revision (ICD-9; (WHO 1975)).  
We chose the following hospital admissions through the accident and emergency 
services for diseases as the health outcomes: 
z Diseases of the respiratory system (RES, ICD-9:460-519), and its subsets 
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• Chronic obstructive pulmonary diseases (COPD, ICD-9: 491, 492, 496); 
• Asthma (ICD-9: 493); 
• Pneumonia (ICD-9: 480-486); 
z Diseases of the circulatory system (CIR, ICD9:390-459), and its subsets 
• Cardiac diseases (HD, ICD-9: 390-429); 
• Ischemic heart diseases (IHD, ICD-9: 410-414); 
• Cerebrovascular diseases (CBD, ICD-9: 430-438). 
We excluded influenza (ICD-9:487.0-487.8) from total respiratory diseases because 
previous studies demonstrated that influenza outbreak is a potential confounder in the 
data analysis (Ren et al. 2006; Thach et al. 2010). 
4.2.3 Statistical models 
4.2.3.1 Core model set up 
We set up the core generalized additive Poisson models following the same strategies 
described in section 3.2.3.1, but being a little bit more conservative in model 
specification and df choosing. Briefly, a core model was set up to remove the long 
term trends, seasonal variations and adjust for time varying confounders as follows: 
log(E(Y)) = α + s(t, df=8/year × no. of years) + s(Temp0, df=6) + s(Temp1-3, df=6) + 
s(Humid0, df=3) + s(Humid1-3, df=3) +β1× DOW +β2× Holiday+β3× influenza……...….[5] 
Here E(Y) means the expected daily emergency hospital admission counts on day t; 
s(.) is the smoothing spline function for nonlinear variables. β is regression 
coefficient. The residuals of the core model were examined to check whether there 
were discernable patterns and autocorrelation by means of the residual plot and the 
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PACF plot. If the PACF of the residuals of the core model [5] was larger than 0.1 for 
some lags, we added autoregressive terms of outcome variable into core model [5] to 
remove the serial correlation of residuals, in an effort to control for any confounding 
effect caused by omitted time-dependent covariates (Kan et al. 2010; Wong CM et al. 
2008b). 
4.2.3.2 Three parallel time series models 
We used three parallel time series approaches to examine the joint effects and 
interactions between PM10 and gaseous pollutants. Interaction detection between 
PM10 and NO2 was illustrated in the following paragraphs. Interactions between PM10 
and O3, or between PM10 and SO2 were examined following the same approaches.  
Firstly, we used the nonparametric bivariate response model to identify the joint 
effect of PM10 and NO2 on each health outcome (Ren et al. 2006; Roberts 2004). 
This model provided a picture of the joint response surface of two predictors (PM10 
and NO2) on the dependent variable (emergency hospital admissions for each subset 
of circulatory diseases). We used it to observe graphically whether or not there was 
an interactive effect of two continuous predictors. We added lo( ) for PM10 and NO2 
which was the two-dimensional smooth response surface controlled by the smooth 
parameter span into the core model: 
        log(E(Y)) =  α + lo(pm10, no2, span=0.25) + COVs……………………[6] 
Where lo(.) refered to local regression smoothing spline (LOESS) and lo(pm10, no2, 
span=0.25) displayed the joint effect of PM10 and NO2 exposure on current day. 
COVs were all time varying confounders identified in the core model [5]. 
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Secondly, we categorized the concentration of PM10 and NO2 into three levels (low, 
medium and high), using tertiles (33.3th and 66.7th percentiles) as the cutoff points. 
We created a new variable PNlevel to denote the nine different combinations of PM10 
and NO2 as a mixture (Table-13). Then we added PNlevel as dummy variables into 
core model [5] to estimate the joint effect of PM10 and NO2 as a mixture (so called 
joint effect model) (Tse et al. 2011; Wang et al. 2009), using the combination of low 
levels of PM10 and NO2 as the reference group. The individual and the joint effects of 
PM10 and NO2 were estimated approximately in this way. 
        log(E(Y)) = α + factor(PNlevel) + COVs…………………..............…….[7] 
Table- 13 PNlevel created to denote the joint exposure of PM10 and NO2 
PM10 level* NO2 level* PNlevel Remarks 
Low Low P1N1  Reference group (RR11=1) 
Medium Low P2N1  
High Low P3N1  Individual PM10 exposure approximately (RR31) 
Low Medium P1N2  
Medium Medium P2N2  
High Medium P3N2  
Low High P1N3  Individual NO2 exposure approximately (RR13) 
Medium High P2N3  
High High P3N3  Joint exposure of PM10 and NO2 approximately (RR33) 
*: Tertiles were the cutoff points: 35.80 and 60.88 μg/m3 for PM10, and 48.06 and 
64.41 μg/m3 for NO2 respectively. 
Synergism is defined as occurring if the effect of the combination is greater than the 
sum of individual effects, while antagonism is occurred if the effect of the 
combination is less than the sum of individual effects (Mauderly and Samet 2009). 
The concept of synergism or antagonism is the interaction on additive scale. 
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Rothman suggested that interaction as departure from additive model rather than 
multiplicative model better reflects the biological interaction (Rothman KJ et al. 
2008). We defined the synergy index (SI) as follows (Tse et al. 2011): 
( )











Note that subtracting 1 from each RR provides an estimate of the excess relative risk 
(ERR) of hospital admissions in each group above that in the reference group of 
relatively low exposure. SI greater than 1 shows potential synergism, while SI less 
than 1 shows potential antagonism. 
Finally, we applied a parametric stratified model ( Ren et al. 2006, 2008a, 2008b) to 
examine the effects of PM10 across different NO2 levels (three levels with tertiles as 
the cutoff points) by adding the product term between PM10 concentrations (as 
continuous variable) and NO2 level (as categorical variable). Similarly, we estimated 
the effects of NO2 across different levels of PM10 by adding the product term 
between NO2 concentrations (continuous) and PM10 level (categorical). 
log(E(Y)) = α + pm10 × factor(no2 level) + COVs...........................…[8] 
log(E(Y)) = α + no2 × factor(pm10 level) + COVs...........................…[9] 
In model [8] and [9], we estimated relative risks (RRs) and confidence intervals 
using the method that incorporated the coefficient of the pollutant and the covariance 
of the pollutant and the interaction term (Figueiras et al. 1998; Lipsett et al. 1997). 
Based on these two models, we detected the modified effect of NO2 on PM10 or the 
modified effect of PM10 on NO2. 
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We expressed the effect estimates for pollutants as continuous variables in terms of 
the percentage increase (Excess Relative Risk, ERR (%)) in emergency hospital 
admissions for circulatory diseases for a 10 µg/m3 increment of pollutant 
concentrations, and respective 95% confidence intervals (95%CI). We also expressed 
the effect estimates for the combinations of different PM10 and NO2 levels as excess 
relative risks (ERR%) and 95%CI, compared with the combination of low levels of 
PM10 and NO2 as reference. We conducted all analyses in statistical environment 
R2.11.1 (R Development Core Team, 2011: http://www.r-project.org). 
 
4.3 Results 
4.3.1 Air pollution concentrations and meteorological factors 
Figure 14 shows the time series of daily mean air pollution concentrations, 
temperature and relative humidity. During our study period, the daily mean 
concentration of air pollutants was 52.8 μg/m3 for PM10, 58.0 μg/m3 for NO2, 19.5 
μg/m3 for SO2, and 39.8 μg/m3 for O3 (Table-14). We also displayed the distributions 
of PM10 concentration across the low, medium and high levels of the three gaseous 
pollutants in Table-14. The daily mean temperature in Hong Kong was 23.6 
centigrade with relative humidity around 78.1%. The correlation between PM10 and 
NO2 was high with a correlation coefficient 0.759. The correlation was moderate 
with a correlation coefficient 0.428 between PM10 and SO2, and 0.591 between PM10 









Table- 14 Distribution of air pollution concentrations and weather conditions in 
Hong Kong from 1998 to 2007 (n=3652) 
Percentiles 
Variables   Mean SD 
Min. 10th 25th 50th 75th 90th Max.
Pollution concentration (μg/m3)        
PM10 52.8 26.9 14.0 23.7 31.2 47.1 69.0 90.5 196.0
PM10 in low NO2 30.3 10.8 14.0 19.6 23.0 28.1 34.8 43.5 114.3 
PM10 in medium NO2 52.5 20.2 17.6 31.0 38.1 48.4 62.7 78.2 154.9 
PM10 in high NO2 75.5 25.0 18.8 46.4 57.6 72.2 90.4 106.6 196.0 
PM10 in low O3 37.0 19.8 14.0 20.2 24.0 30.9 43.0 62.4 170.1 
PM10 in medium O3 49.0 22.0 14.6 25.6 32.7 44.5 61.7 79.5 188.3 
PM10 in high O3 72.4 25.6 24.7 42.5 53.1 69.0 88.1 105.0 196.0 
PM10 in low SO2 41.9 18.3 14.0 20.5 27.1 39.0 52.5 67.6 114.3 
PM10 in medium SO2 53.8 24.4 16.4 25.3 33.5 50.9 70.0 86.9 155.9 
PM10 in high SO2 62.6 32.1 17.3 26.1 33.9 58.2 85.1 104.8 196.0 
NO2 58.0 20.5 14.9 32.7 43.5 56.2 69.1 84.9 168.2
SO2 19.5 13.2 1.8 8.0 11.0 16.3 23.7 33.8 134.9
O3 39.8 24.3 2.3 14.6 21.1 34.0 54.0 72.8 180.0
Meteorology factors          
Temperature (oC) 23.6 4.9 8.2 16.5 19.7 24.8 27.8 29.3 31.8 
Relative humidity (%) 78.1 10.0 27.0 65.0 73.0 79.0 85.0 90.0 98.0 
Abbreviations: SD-standard deviation; Min.-minimum; Max.-maximum. 
 
 
Table- 15 Pearson Correlation coefficients between pollution concentrations and 
weather conditions in Hong Kong, 1998-2007 (n=3652)* 
Variables PM10 NO2 SO2 O3 Temperature 
PM10 1.000     
NO2 0.759 1.000    
SO2 0.428 0.528 1.000   
O3 0.591 0.424 0.173 1.000  
Temperature -0.361 -0.382 0.117 0.027 1.000 
Relative humidity -0.493 -0.328 -0.168 -0.518 0.216 
*: All correlation coefficients are statistically significant (P<0.001), except the correlation 
coefficient between O3 and temperature (p=0.101). 
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4.3.2 Emergency hospital admissions for cardio-respiratory diseases 
Figure 15 shows the time series of daily mean emergency hospital admissions for 
respiratory diseases and circulatory diseases. 
Figure- 15 Daily Time Series of Emergency Hospital Admissions 
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A total of 858,184 and 561,561 emergency hospital admissions for diseases from 
respiratory system and circulatory system were recorded respectively in our study 
population. Among the respiratory admissions, 24.0% was COPD, 8.4% was asthma, 
and 23.6% was pneumonia. On average, there were 56.4, 19.7, 55.5 emergency 
hospital admissions per day for COPD, asthma and pneumonia respectively. Among 
the circulatory admissions, 62.0% were HD, 19.6% was IHD, and 29.8% was CBD. 
On average, there were 95.3, 30.2, 45.8 emergency hospital admissions per day for 
HD, IHD, and CBD respectively (Table-16). 
Table- 16 Distribution of Emergency Hospital Admissions for 
Cardio-respiratory Diseases in Hong Kong, 1998-2007 (3652 days) 
Hospital    Percentiles  
Admissions Mean SD Min 10th 25th 50th 75th  90th  Max
Emergency respiratory admissions       
All RES 235.0 51.1 89 181 200 227 263 299.9 518
  COPD 56.4 14.4 17 40 46 55 65 76 122
  asthma 19.7 8.2 1 10 14 19 25 31 61
  pneumonia 55.5 25.9 9 25 34 52 74 90 197
Emergency circulatory admissions  
All CIR 153.8 23.4 66 126 138 152 168 184 243
  HD 95.3 17.8 34 75 83 94 106 119 165
    IHD 30.2 6.6 10 22 26 30 34 39 64
  CBD 45.8 8.0 13 36 40 46 51 56 79
Abbreviations: SD-standard deviation; Min.-minimum; Max.-maximum; RES-all respiratory 
diseases excluding influenza; COPD-chronic obstructive pulmonary diseases; CIR-all circulatory 
diseases; HD- cardiac diseases; IHD- ischemic heart diseases; CBD- cerebrovascular diseases. 
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4.3.3 Results from single-pollutant model 
4.3.3.1 Pollution effects on emergency hospital admissions for respiratory 
diseases 
The effects of four criteria pollutants were estimated on current day (lag0) exposure 
up to previous 1-5 days (lag1-lag5) in single pollutant models. Figure-16 shows the 
effects of pollutants for emergency hospital admissions for all respiratory diseases and 
its three selected subsets (COPD, asthma and pneumonia), respectively. In general, we 
detected statistically significant associations between air pollution and respiratory 
hospitalizations, especially for COPD.  
The greatest single-lag effect for PM10 was found on current day (lag0) on emergency 
hospital admissions for total respiratory diseases, with an ERR (%) of 0.24% (95% CI: 
0.11-0.36%) for a 10 μg/m3 increment of PM10 concentrations. The greatest 
single-lag effects for NO2 and SO2 were found for exposure 3 days before (lag3), with 
an ERR (%) of 0.40% (95% CI: 0.25-0.55%) and 0.27% (95% CI: 0.06-0.49%) for a 
10 μg/m3 increment of NO2 and SO2 concentrations, respectively. The greatest 
single-lag effect for ozone was found on previous one day (lag1), with an ERR (%) of 
0.70% (95% CI: 0.57-0.83%) for a 10 μg/m3 increment of ozone concentrations. The 
greatest lag effects for the four criteria pollutants on the three subsets of respiratory 
diseases were not consistent. To avoid the potential bias resulting from selectively 
reporting the most significant results, and to make the interactions easier to 
understand and interpret, we used the same lag0 exposure of all four pollutants in the 
further analysis on the interactions detection. 
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Figure- 16 Percent increase (ERR % with 95%CI) in emergency hospital admissions 
due to total respiratory diseases, COPD, asthma and pneumonia for 10-μg/m3 increase 
in pollution concentrations on different lag days (lag0-lag5) 
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4.3.3.2 Pollution effects on emergency hospital admissions for circulatory 
diseases 
The effects of the four criteria pollutants were also estimated on current day (lag0) 
exposure up to previous 1-5 days (lag1-lag5) with single pollutant models for all 
circulatory diseases and its three selected subsets (cardiac diseases, IHD and 
cerebrovascular diseases). Figure-17 shows the effects of the pollutants on emergency 
hospital admissions for all circulatory diseases and its three subsets, respectively.  
The greatest single-lag effects for PM10, NO2 and SO2 on emergency hospital 
admissions for all circulatory diseases were on current day (lag0), associated with an 
ERR (%) of 0.39% (95% CI: 0.25-0.53%), 0.78% (95% CI: 0.60-0.96%), and 0.65% 
(95% CI: 0.40-0.90%) for a 10 μg/m3 increment of lag0 PM10, NO2 and SO2 
concentrations respectively. The effects of ozone were similar on lag1 to lag4, with an 
ERR (%) of around 0.25% (95% CI: 0.09-0.40%) for a 10 μg/m3 increment of ozone 
exposure. The greatest lag effects for the three subsets of diseases were in a little 
difference. To avoid the potential bias resulting from selectively reporting the most 
significant results, and to make the interactions easier to understand and interpret, we 




Figure- 17 Percent increase (ERR % with 95%CI) in emergency hospital admissions due to total 
circulatory diseases, cardiac diseases, IHD and cerebrovascular diseases for 10-μg/m3 increase 
in pollution concentrations on different lag days (lag0-lag5) 
 85
  
4.3.4 Joint effects/Interactions between PM10 and NO2 on 
cardio-respiratory hospitalizations 
To explore the potential interactions between PM10 and NO2 on emergency hospital 
admissions for circulatory diseases, we fitted the bivariate response surface models 
to display the joint effects of PM10 and NO2 (Figure-18), using current day (lag0) 
pollution concentrations as continuous variables. Results showed that the joint effect 
patterns of PM10 and NO2 were very similar on emergency hospital admissions for 
CIR, HD and IHD, less so for CBD, COPD, asthma and pneumonia, and displayed 
another pattern for RES. Response surfaces showed some possible interactions 
between PM10 and NO2 on cardio-respiratory hospitalizations. 
 
Figure- 17 Bivariate Response Surfaces of Current Day PM10 and NO2 on Emergency 
Cardio-Respiratory Hospital Admissions 
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We created PNlevel to denote the different combinations of PM10 and NO2 levels and 
used the joint effect models to explore the joint effects of particles pollution and 
nitrogen dioxide as a mixture, setting the combination of low levels of PM10 and NO2 
as the reference group. We found the greatest and statistically significant joint effects 
in the combination when PM10 and NO2 concentrations were both in high levels on 
emergency hospital admissions for CIR, HD and IHD (ERR%=2.73, 4.09 and 6.85, 
respectively), but not for CBD (Table-17). The synergy indices (SI) for these three 
categories of circulatory outcomes were 3.27, 4.56 and 2.42, respectively. Results 
showed there might be some synergism between PM10 and NO2 for cardiac 
hospitalizations, especially for HD hospital admissions. However, the results were not 
so consistent on the joint effects of PM10 and NO2 for respiratory hospitalizations. The 
greatest joint effects were found on the days when high PM10 concentrations combined 
with medium NO2 for RES and COPD, or the days when medium PM10 concentrations 
combined with high NO2 for asthma and pneumonia. The synergy indices (SI) for 
these four categories of respiratory outcomes were less than or around 1 with the 
lowest value 0.43 for COPD, which showed some potential antagonism between PM10 
and NO2 on COPD hospitalizations.
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RES COPD Asthma Pneumonia CIR HD IHD CBD 
Low Low P1N1 a 944 0  0  0  0  0  0  0  0  
Medium Low P2N1 248 1.32 (0.38, 2.28) 2.31 (0.35, 4.31) 2.26 (-1.08, 5.72) 1.63 (-0.28, 3.57) -0.06 (-1.23, 1.12) -0.72 (-2.20, 0.80) 0.98 (-1.67, 3.70) 1.48 (-0.64, 3.63) 
High Low P3N1 b 24 0.69 (-2.04, 3.49) 3.54 (-1.92, 9.32) 1.43 (-8.19, 12.06) 2.93 (-2.25, 8.39) -1.46 (-4.75, 1.94) -0.96 (-5.15, 3.42) -1.35 (-8.77, 6.67) -4.18 (-9.92, 1.94) 
Low Medium P1N2 239 0.05 (-0.91, 1.02) 0.80 (-1.20, 2.84) -0.86 (-4.14, 2.53) -0.24 (-2.26, 1.82) -0.37 (-1.57, 0.85) -0.14 (-1.67, 1.41) 1.04 (-1.68, 3.83) -0.81 (-2.98, 1.40) 
Medium Medium P2N2 640 0.34 (-0.37, 1.06) 1.14 (-0.35, 2.65) 1.01 (-1.48, 3.57) -0.56 (-2.04, 0.93) 0.41 (-0.48, 1.30) 0.12 (-1.01, 1.26) 1.39 (-0.62, 3.44) 0.52 (-1.09, 2.16) 
High Medium P3N2 341 1.98 (1.06, 2.92) 2.66 (0.78, 4.58) 0.24 (-2.88, 3.46) 1.72 (-0.12, 3.60) 0.97 (-0.15, 2.10) 1.25 (-0.18, 2.70) 1.27 (-1.28, 3.88) 0.41 (-1.63, 2.48) 
Low High P1N3 c 33 1.48 (-0.78, 3.80) 1.44 (-3.14, 6.24) 0.16 (-7.35, 8.29) -1.01 (-5.74, 3.96) 2.30 (-0.53, 5.21) 1.86 (-1.69, 5.53) -1.48 (-7.69, 5.13) 2.05 (-3.12, 7.49) 
Medium High P2N3 332 1.57 (0.68, 2.47) 1.86 (0.03, 3.72) 3.20 (0.10, 6.40) 2.66 (0.79, 4.57) 0.97 (-0.14, 2.08) 1.39 (-0.02, 2.81) 3.25 (0.72, 5.83) 1.06 (-0.96, 3.11) 
High High P3N3 d 851 1.82 (1.04, 2.61) 2.13 (0.54, 3.75) 1.33 (-1.37, 4.09) 2.01 (0.42, 3.62) 2.73 (1.77, 3.71) 4.09 (2.84, 5.35) 6.85 (4.61, 9.15) 1.03 (-0.70, 2.79) 
Synergy Index (SI) 0.842 0.428 0.832 1.044 3.272 4.560 2.418 - 
*: 8df per year for time trend, 6df for current day temperature and mean temperature of previous three days, 3df for relative humidity and mean humidity of previous three days was used in 
the GAMs. The greatest excess relative risk (ERR%) of the combination with statistical significance for each outcome was in bold. The cutoff points for PM10 were 35.80 and 60.88μg/m3; the 
cutoff points for NO2 were 48.06 and 64.41μg/m3. a: This category was regarded as the reference group; b: This category was regarded as the individual PM10 exposure; c: This category was 
regarded as the individual NO2 exposure; d: This category was regarded as the combined PM10 and NO2 exposure.
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We further conducted parametric stratified models to estimate the effects of PM10 
across three NO2 levels (Table-18) and the effects of NO2 across three PM10 levels 
(Table-19). The effects of lag0 PM10 were greatest with statistical significance on the 
days with high NO2 level (>64.4µg/m3) on emergency hospital admissions for CIR, 
HD and IHD, with an ERR (%) of 0.38 (95% CI: 0.19, 0.56), 0.56 (95% CI: 0.33, 0.80) 
and 0.83 (95% CI: 0.41, 1.24) respectively (Table-18). However, the effects of lag0 
PM10 were greatest with statistical significance on the days with medium NO2 level 
(48.1-64.4µg/m3) on emergency hospital admissions for RES, with an ERR (%) of 
0.36 (95% CI: 0.16, 0.56). For COPD admissions, the greatest PM10 effect was found 
on the days with low NO2 level (<48.1µg/m3) with an ERR (%) of 1.04 (95% CI: 0.31, 
1.77) (Table-18). There was little evidence of NO2 being a modifier for the effect of 
PM10 on the emergency hospital admissions for asthma, pneumonia and 
cerebrovascular diseases. Table-19 showed the greatest and statistically significant 
effects of lag0 NO2 on the days with high PM10 level (>60.9µg/m3) on emergency 
hospital admissions for CIR, HD, IHD and CBD, with an ERR (%) of 0.96 (95% CI: 
0.71, 1.20), 1.19 (95% CI: 0.89, 1.50), 1.45 (95% CI: 0.90, 2.00) and 0.59 (95% CI: 
0.14, 1.04) respectively. However, the greatest effect of lag0 NO2 was found on the 
days with medium PM10 level for RES or on the days with low PM10 level for COPD 
(Table-19). We found little evidence of PM10 being a modifier for the effect of NO2 on 
the emergency hospital admissions for asthma and pneumonia. 
Results suggested NO2 level modified the effects of PM10 and vice versa, which 
implied some synergistic interactions between particles pollution and nitrogen dioxide 
on cardiac hospitalizations, and potential antagonistic interactions on total respiratory 




Table- 18 Effect of current day PM10 (ERR% with 95%CI)& on the emergency hospital 
admissions for cardio-respiratory diseases modified by NO2 levels 
 
NO2 levels Emergency 
Admissions 
<= 48.06  
(n=1216) 




All RES 0.33 (-0.03, 0.69) 0.36 (0.16, 0.56) 0.09 (-0.06, 0.24) 
COPD 1.04 (0.31, 1.77) 0.39 (0.00, 0.78) 0.27 (-0.03, 0.58) 
Asthma 0.15 (-1.13, 1.44) 0.00 (-0.67, 0.68) -0.05 (-0.57, 0.47) 
Pneumonia 0.49 (-0.20, 1.20) 0.53 (0.15, 0.92) 0.14 (-0.17, 0.45) 
All CIR -0.01 (-0.45, 0.43) 0.22 (-0.02, 0.46) 0.38 (0.19, 0.56) 
HD 0.28 (-0.29, 0.85) 0.33 (0.03, 0.63) 0.56 (0.33, 0.80) 
IHD 0.23 (-0.77, 1.25) 0.30 (-0.24, 0.84) 0.83 (0.41, 1.24) 
CBD -0.30 (-1.09, 0.50) -0.02 (-0.46, 0.42) -0.04 (-0.38, 0.31) 
 
&: 8df per year for time trend, 6df for current day temperature and mean temperature of previous three 
days, 3df for relative humidity and mean humidity of previous three days was used in the GAMs. 
Effects were expressed as the percentage increase (ERR (%) with 95% confidence interval) in 
emergency hospital admissions for circulatory diseases for a 10 µg/m3 increment of the current day 





Table- 19 Effect of current day NO2 (ERR% with 95%CI)& on the emergency hospital 
admissions for cardio-respiratory diseases modified by PM10 levels 
 
PM10 levels Emergency Admissions 
<= 35.80  
(n=1216) 




All RES 0.34 (-0.02, 0.71) 0.45 (0.12, 0.77) 0.12 (-0.08, 0.31) 
COPD 0.96 (0.20, 1.71) 0.28 (-0.37, 0.94) 0.62 (0.23, 1.02) 
Asthma 0.04 (-1.23, 1.32) 0.74 (-0.38, 1.87) 0.52 (-0.16, 1.20) 
Pneumonia -0.23 (-0.97, 0.51) 0.63 (-0.03, 1.29) 0.07 (-0.34, 0.49) 
All CIR 0.54 (0.09, 0.99) 0.43 (0.03, 0.84) 0.96 (0.71, 1.20) 
HD 0.70 (0.12, 1.28) 0.70 (0.19, 1.22) 1.19 (0.89, 1.50) 
IHD 0.74 (-0.28, 1.77) 0.65 (-0.26, 1.57) 1.45 (0.90, 2.00) 
CBD 0.23 (-0.59, 1.05) -0.02 (-0.75, 0.72) 0.59 (0.14, 1.04) 
 
&: 8df per year for time trend, 6df for current day temperature and mean temperature of previous three 
days, 3df for relative humidity and mean humidity of previous three days was used in the GAMs. 
Effects were expressed as the percentage increase (ERR (%) with 95% confidence interval) in 
emergency hospital admissions for circulatory diseases for a 10 µg/m3 increment of the current day 
NO2, across three levels of PM10. The significantly greatest effect of NO2 for each outcome was in 
bold. 
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4.3.5 Joint effects/Interactions between PM10 and O3 on 
cardio-respiratory hospitalizations 
We fitted the bivariate response surface models to display the joint effects of PM10 
and ozone on emergency cardio-respiratory admissions (Figure-19), using current 
day pollutants concentrations as continuous variables. The results showed that the 
joint effect patterns of PM10 and ozone were very similar on CIR, HD and IHD, less 
so for CBD, RES and COPD, and displayed another similar pattern for asthma and 




Figure- 18 Bivariate Response Surfaces of Current Day PM10 and Ozone on Emergency 






POlevel was created to denote the different combinations of current day (lag0) PM10 
and O3 levels and was used to explore the joint effects of particles and ozone 
pollution as a mixture, setting the combination of low levels of PM10 and O3 as the 
reference group. For emergency hospital admissions for all studied subgroups of 
cardio-respiratory diseases, the greatest effects of particles pollution and ozone 
mixture were not in the combination that PM10 and ozone concentrations were both in 
the high levels (Table-20). The greatest ERRs% were found in low level’s PM10 
combined with high level’s O3 for emergency hospital admissions for RES and 
pneumonia, and in high level’s PM10 combined with low level’s O3 for CIR, CBD, and 
COPD. The combination of both medium levels of PM10 and O3 showed the greatest 
effect for emergency hospital admissions for asthma, and high PM10 concentration 
joined with medium O3 exposure showed the greatest effects for cardiac diseases and 
IHD. The synergy indices (SI) for these categories of cardio-respiratory outcomes 
were all less than 1 except that of IHD. Results showed there might be some potential 
antagonistic interactions between PM10 and O3 on cardio-respiratory hospitalizations.  
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RES COPD Asthma Pneumonia CIR HD IHD CBD 
Low Low P1O1 a 769 0  0  0  0  0  0  0  0  
Medium Low P2O1 314 0.47 (-0.42, 1.38) 1.82 (-0.03, 3.70) 1.51 (-1.65, 4.77) -0.61 (-2.41, 1.22) -0.03 (-1.14, 1.09) -0.86 (-2.26, 0.56) -0.56 (-3.06, 1.99) 1.00 (-1.04, 3.09) 
High Low P3O1 b 133 2.84 (1.56, 4.13) 4.55 (1.98, 7.18) 2.73 (-1.54, 7.19) 1.07 (-1.50, 3.70) 2.87 (1.31, 4.47) 2.22 (0.26, 4.21) 3.04 (-0.50, 6.71) 4.18 (1.25, 7.20) 
Low Medium P1O2 399 0.59 (-0.22, 1.40) 2.10 (0.39, 3.84) 1.67 (-1.23, 4.65) -0.38 (-2.04, 1.31) -0.98 (-1.97, 0.03) -1.77 (-3.04, -0.48) -0.67 (-2.92, 1.62) 0.02 (-1.79, 1.86) 
Medium Medium P2O2 502 1.07 (0.29, 1.86) 2.19 (0.56, 3.85) 3.31 (0.55, 6.14) 1.59 (-0.05, 3.25) 0.16 (-0.80, 1.14) -0.22 (-1.43, 1.02) 2.52 (0.32, 4.77) 0.97 (-0.80, 2.76) 
High Medium P3O2 318 2.83 (1.83, 3.83) 3.84 (1.83, 5.90) -0.30 (-3.58, 3.09) 3.50 (1.43, 5.60) 2.66 (1.45, 3.89) 2.89 (1.35, 4.45) 5.16 (2.37, 8.03) 1.98 (-0.25, 4.26) 
Low High P1O3 c 48 3.85 (1.91, 5.83) 1.97 (-2.02, 6.12) 1.33 (-5.22, 8.33) 7.22 (3.16, 11.43) -0.50 (-2.89, 1.95) -0.34 (-3.39, 2.82) -1.41 (-6.74, 4.23) -0.23 (-4.49, 4.21) 
Medium High P2O3 404 2.55 (1.69, 3.42) 2.92 (1.13, 4.73) 3.08 (0.08, 6.17) 3.08 (1.29, 4.90) -0.10 (-1.14, 0.96) -0.68 (-2.01, 0.66) 1.01 (-1.36, 3.45) 1.13 (-0.78, 3.08) 
High High P3O3 d 765 2.21 (1.38, 3.05) 2.45 (0.75, 4.17) 2.89 (-0.01, 5.87) 2.96 (1.29, 4.66) 0.56 (-0.44, 1.57) 1.34 (0.06, 2.64) 3.95 (1.64, 6.32) -0.56(-2.37,0.27) 
Synergy Index (SI) 0.331 0.376 0.711 0.358 0.237 0.713 2.422 0.143 
*: The combination of low level’s PM10 and O3 was used as the reference group, and the greatest excess relative risk (ERR%) of the combination for each emergency admission 
outcome was in bold. The cutoff points for PM10 were 35.80 and 60.88 μg/m3; the cutoff points for O3 were 24.45 and 46.81 μg/m3. a: This category was regarded as the reference 
group; b: This category was regarded as the individual PM10 exposure; c: This category was regarded as the individual O3 exposure; d: This category was regarded as the combined 
PM10 and O3 exposure.
Further parametric stratification models were conducted to estimate the effects of 
PM10 modified by ozone level (Table-21) and the effects of ozone modified by PM10 
level (Table-22). The effects of current day PM10 were greatest during the days with 
low ozone level (<=24.5µg/m3) on emergency hospitalizations for RES, COPD, and 
CBD. At the same time, the greatest effects of current day PM10 were found during the 
days with medium ozone level (24.5 ~ 46.8µg/m3) on emergency hospitalizations for 
CIR, HD, IHD and pneumonia. The differences of PM10 effects across ozone levels 
were all statistically significant. Results (Table-21) suggested that the effects of PM10 
were modified by ozone level and there might be some antagonistic interactions 
between particles pollution and ozone on cardio-respiratory hospitalizations.  
 
Table- 21 Effect of Current day PM10 (ERR% with 95%CI)& modified by O3 level 
O3 levels Emergency 
Admissions 
<= 24.45  
(n=1216) 




All RES 0.42 (0.22, 0.61) ‡ 0.38 (0.20, 0.56) ‡ -0.03 (-0.17, 0.12)  
COPD 0.93 (0.54, 1.32) ‡ 0.39 (0.03, 0.76)  0.06 (-0.24, 0.37)  
Asthma 0.50 (-0.18, 1.18) -0.44 (-1.06, 0.18)  -0.03 (-0.55, 0.50) 
Pneumonia 0.19 (-0.21, 0.59) 0.73 (0.34, 1.12) ‡ 0.03 (-0.27, 0.33) 
All CIR 0.50 (0.26, 0.74) 0.89 (0.66, 1.11) ‡ 0.21 (0.03, 0.40) 
HD 0.44 (0.14, 0.75) 1.09 (0.81, 1.38) ‡ 0.48 (0.25, 0.72) 
IHD 0.45 (-0.10, 1.01) 1.35 (0.84, 1.86) 0.88 (0.47, 1.30) 
CBD 0.53 (0.08, 0.99) ‡ 0.46 (0.05, 0.88) ‡ -0.34 (-0.68, 0.00)  
&: Effects were expressed as the percentage increase (ERR (%) with 95% confidence interval) in emergency 
hospital admissions for cardio-respiratory diseases for a 10 µg/m3 increment of current day PM10, across three 
levels of O3. Compared with PM10 effects at high ozone level, †:p<0.05; ‡:p<0.01. The significantly greatest 
effect of PM10 on each outcome was in bold. 
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Table-22 showed that the greatest effects of lag0 ozone exposure were found during 
the days with the medium PM10 level (35.8 ~ 60.9µg/m3) on emergency hospital 
admissions for RES, and COPD, and the differences of ozone effect across three PM10 
levels were statistically significant. The greatest effects of lag0 ozone were also found 
in the medium or low level of PM10 for emergency hospital admissions for pneumonia 
and asthma, but the differences of ozone effects across three PM10 levels were not 
statistically significant. There was little evidence for PM10 being a modifier for the 
effects of lag0 ozone on emergency hospital admissions for total circulatory diseases 
and its three subsets.  
 
Table- 22 Effect of current day ozone (ERR% with 95%CI)& modified by PM10 levels 
 PM10 levels  








All RES 0.48 (0.14, 0.82) † 0.53 (0.32, 0.74) ‡ 0.09 (-0.06, 0.25) 
  COPD 0.44 (-0.27, 1.15) 0.55 (0.13, 0.98) † -0.03 (-0.34, 0.29) 
  Asthma 0.85 (-0.36, 2.07) 0.94 (0.21, 1.69) 0.54 (-0.01, 1.08) 
  Pneumonia 0.80 (0.11, 1.49) 0.50 (0.07, 0.92) 0.36 (0.06, 0.67) 
All CIR -0.40 (-0.83, 0.02) 0.00 (-0.26, 0.26) -0.39 (-0.58, -0.20) 
  HD -0.45 (-0.99, 0.10) 0.00 (-0.33, 0.33) -0.18 (-0.43, 0.06) 
  IHD -0.47 (-1.43, 0.50) 0.11 (-0.48, 0.70) -0.06 (-0.49, 0.37) 
  CBD -0.33 (-1.10, 0.44) 0.04 (-0.43, 0.51) -0.65 (-1.00, -0.31) 
&: Effects were expressed as the percentage increase (ERR (%) with 95% confidence interval) in 
emergency hospital admissions for cardio-respiratory diseases for a 10 µg/m3 increment of lag0 day O3, 
across three levels of PM10. Compared with ozone effects at high PM10 level, †:p<0.05; ‡:p<0.01. The 
significantly greatest effect of ozone for each outcome was in bold.  
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4.3.6 Joint effects/Interactions between PM10 and SO2 on 
cardio-respiratory hospitalizations 
We fitted the bivariate response surface model to display the joint effects of current 
day (lag0) PM10 and SO2 on emergency hospital admissions for cardio-respiratory 
diseases using pollution concentrations as continuous variables, to explore the 
potential interactions between PM10 and SO2 (Figure-20). Results showed that the 
joint effect patterns of PM10 and SO2 were similar on emergency hospital admissions 
for RES, COPD and pneumonia; and they were also very similar on emergency 
hospital admissions for CIR, HD, and IHD, but different from that of CBD and 
asthma. However, the joint effects between PM10 and SO2 did not show any clear 
patterns to be interpreted.  
 
 
Figure- 20 Bivariate Response Surfaces of Current Day PM10 and SO2 on Emergency 
Ccardio-Respiratory Hospital Admissions 
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We created PSlevel to denote the different combinations of current day (lag0) PM10 
and SO2 levels and used the joint effect models to explore the joint effects of 
particles pollution and sulfur dioxide as a mixture, setting the combination of low 
levels of PM10 and SO2 as the reference group. We found the greatest and statistically 
significant joint effects in the combination when PM10 and SO2 concentrations were 
both in the high levels on emergency hospital admissions for CIR, HD and IHD 
(ERR%=3.68, 5.33 and 7.48, respectively), but not for CBD (Table-23). The synergy 
indices (SI) for these three categories of circulatory outcomes were 1.76, 1.66 and 2.07, 
respectively. Results showed there might be some synergism between PM10 and SO2 
for cardiac hospitalizations, especially for IHD hospital admissions. However, the 
greatest ERRs% for respiratory outcomes showed some inconsistencies, which were 
found on the days when low SO2 concentrations combined with high PM10 for COPD 
with the synergy index (SI) 0.54. Results showed the potential antagonism between 
PM10 and SO2 on COPD hospitalizations.





RES COPD Asthma Pneumonia CIR HD IHD CBD 
Low Low P1S1 a 522 0  0  0  0  0 0 0 0 
Medium Low P2S1 499 0.51 (-0.33, 1.35) 0.97 (-0.76, 2.73) -0.54 (-3.32, 2.32) 0.81 (-0.97, 2.63) 0.30 (-0.74, 1.36) 0.00 (-1.33, 1.35) 1.15 (-1.21, 3.57) 0.82 (-1.08, 2.76) 
High Low P3S1 b 192 1.87 (0.74, 3.01) 3.74 (1.41, 6.14) -1.45 (-5.06, 2.29) 1.86 (-0.58, 4.37) 0.96 (-0.44, 2.39) 1.37 (-0.42, 3.19) 2.08 (-1.10, 5.36) 0.54 (-2.02, 3.16) 
Low Medium P1S2 354 -0.48 (-1.39, 0.43) -0.49 (-2.38, 1.43) -5.46 (-8.49, -2.33) -0.26 (-2.13, 1.65) 1.07 (-0.07, 2.24) 1.03 (-0.44, 2.52) 1.54 (-1.04, 4.19) 1.00 (-1.06, 3.10) 
Medium Medium P2S2 425 0.58 (-0.32, 1.49) 0.98 (-0.87, 2.86) -0.47 (-3.50, 2.66) 0.73 (-1.15, 2.64) 1.01 (-0.12, 2.14) 0.53 (-0.89, 1.97) 3.15 (0.59, 5.79) 1.63 (-0.42, 3.72) 
High Medium P3S2 444 1.16 (0.18, 2.15) 0.33 (-1.63, 2.34) -2.11 (-5.29, 1.19) 1.27 (-0.74, 3.31) 1.46 (0.25, 2.68) 1.57 (0.04, 3.12) 3.68 (0.92, 6.52) 0.93 (-1.26, 3.17) 
Low High P1S3 c 340 -0.65 (-1.59, 0.30) 0.04 (-1.93, 2.06) -4.42 (-7.64, -1.08) -0.17 (-2.09, 1.78) 1.13 (-0.07, 2.34) 1.84 (0.30, 3.40) 1.53 (-1.15, 4.29) -0.45 (-2.57, 1.71) 
Medium High P2S3 296 0.40 (-0.56, 1.37) 1.50 (-0.50, 3.53) -0.52 (-3.87, 2.95) 0.68 (-1.29, 2.68) 1.46 (0.25, 2.69) 1.81 (0.26, 3.38) 2.17 (-0.57, 4.99) 1.05 (-1.13, 3.28) 
High High P3S3 d 580 1.43 (0.50, 2.37) 2.06 (0.15, 4.01) -1.05(-4.17,2.18) 2.20 (0.26, 4.17) 3.68 (2.50, 4.87) 5.33 (3.81, 6.87) 7.48(4.75, 10.28) 1.27 (-0.82, 3.41) 
Synergy Index (SI) 1.176 0.544 - 1.297 1.758 1.661 2.070 - 
*: 8df per year for time trend, 6df for current day temperature and mean temperature of previous three days, 3df for relative humidity and mean humidity of previous three days was used in the GAMs. 
The statistically significant greatest excess relative risk (ERR%) of the combination for each outcome was in bold. The cutoff points for PM10 were 35.80 and 60.88 μg/m3; the cutoff points for SO2 were 
12.79 and 20.87 μg/m3. a: This category was regarded as the reference group; b: This category was regarded as the individual PM10 exposure; c: This category was regarded as the individual SO2 exposure; 
d: This category was regarded as the combined PM10 and SO2 exposure. 
We conducted further parametric stratified models to estimate the effects of PM10 
across three SO2 levels (Table-24) and the effects of SO2 across three PM10 levels 
(Table-25). The effect of lag0 PM10 was greatest with statistical significance during the 
days with high SO2 level (>20.9µg/m3) on emergency hospital admissions for CIR, 
HD and IHD, with an ERR (%) of 0.41% (95% CI: 0.25-0.56%), 0.64% (95% CI: 
0.44-0.84%) and 0.91% (95% CI: 0.55-1.26%) respectively (Table-24). Results 
suggested SO2 level modified the effects of PM10, which implied some synergistic 
interactions between particles pollution and sulfur dioxide on cardiac hospitalizations. 
The effect of lag0 PM10 was greatest with statistical significance during the days with 
low SO2 level (<12.8µg/m3) on emergency COPD hospital admissions with an ERR 
(%) of 0.67% (95% CI: 0.23-1.11%) (Table-24). However, there was little evidence of 
SO2 being a modifier for the effects of lag0 PM10 on emergency hospital admissions for 
RES, asthma and pneumonia. Table-25 showed the effects of lag0 SO2 across three 
PM10 levels on emergency hospital admissions for respiratory and circulatory diseases, 
respectively. There was also little evidence of PM10 being the modifier for the effects 
of SO2 on the cardio-respiratory diseases outcomes. 
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Table- 24 Effect of current day PM10 (ERR% with 95%CI)& on the emergency 
hospital admissions for circulatory diseases modified by SO2 levels 
 
SO2 levels Emergency Admissions 
<= 12.79  
(n=1213) 




All RES 0.29 (0.08, 0.50) 0.30 (0.13, 0.46) 0.23 (0.10, 0.36) 
COPD 0.67 (0.23, 1.11) 0.20 (-0.14, 0.54) 0.33 (0.07, 0.59) 
Asthma -0.55 (-1.26, 0.17) 0.41 (-0.16, 0.98) 0.20 (-0.26, 0.67) 
Pneumonia 0.36 (-0.09, 0.82) 0.35 (0.02, 0.69) 0.32 (0.07, 0.58) 
All CIR 0.16 (-0.11, 0.43) 0.11 (-0.09, 0.31) 0.41 (0.25, 0.56) † 
HD 0.30 (-0.04, 0.64) 0.23 (-0.03, 0.49) 0.64 (0.44, 0.84) † 
IHD 0.44 (-0.16, 1.05) 0.48 (0.02, 0.95) 0.91 (0.55, 1.26) 
CBD 0.03 (-0.46, 0.52) -0.11 (-0.48, 0.26) 0.06 (-0.23, 0.35) 
&: 8df per year for time trend, 6df for current day temperature and mean temperature of previous three days, 3df for 
relative humidity and mean humidity of previous three days was used in the GAMs. Effects were expressed as the 
percentage increase (ERR (%) with 95% confidence interval) in emergency hospital admissions for circulatory 
diseases for a 10 µg/m3 increment of current day PM10, across three levels of SO2. The significantly greatest effect of 




Table- 25 Effect of current day SO2 (ERR% with 95%CI)& on the emergency hospital 
admissions for circulatory diseases modified by PM10 levels 
 
PM10 levels Emergency 
Admissions 
<= 35.80  
(n=1216) 




All RES -0.35 (-0.83, 0.13) -0.20 (-0.59, 0.19) -0.06 (-0.29, 0.16) 
COPD 0.25 (-0.75, 1.26) 0.16 (-0.64, 0.96) 0.31 (-0.13, 0.76) 
Asthma -2.09 (-3.78, -0.38) -0.46 (-1.84, 0.93) 0.27 (-0.53, 1.08) 
Pneumonia -0.83 (-1.78, 0.13) -0.37 (-1.16, 0.42) -0.04 (-0.46, 0.40) 
All CIR 0.55 (-0.05, 1.15) 0.42 (-0.07, 0.90) 0.55 (0.28, 0.81) 
HD 0.97 (0.20, 1.75) 0.47 (-0.15, 1.09) 0.81 (0.47, 1.15) 
IHD 1.03 (-0.32, 2.39) 0.45 (-0.64, 1.55) 0.48 (-0.12, 1.08) 
CBD -0.28 (-1.35, 0.80) 0.23 (-0.64, 1.12) 0.12 (-0.37, 0.61) 
&: 8df per year for time trend, 6df for current day temperature and mean temperature of previous three days, 3df 
for relative humidity and mean humidity of previous three days was used in the GAMs. Effects were expressed 
as the percentage increase (ERR (%) with 95% confidence interval) in emergency hospital admissions for 
circulatory diseases for a 10 µg/m3 increment of current day SO2, and the differences of SO2 effects across three 




4.4.1 Main findings 
We confirmed the associations between ambient pollution and emergency hospital 
admissions for cardio-respiratory diseases in single-pollutant models in Hong Kong. 
We used three parallel time series approaches to examine the interaction between 
particulate matter and gaseous pollutants. We found synergistic interactions between 
PM10 and NO2 or SO2 on emergency cardiac hospitalizations. We also found 
antagonistic interactions between PM10 and O3 on cardio-respiratory hospitalizations, 
and possible antagonistic interactions between PM10 and NO2 on COPD admissions 
as well. 
4.4.1.1 Effect estimates compared with previous Hong Kong studies 
We detected the statistically significant associations between air pollution and 
respiratory hospitalizations in single pollutant model, especially for COPD. We also 
detected the statistically significant associations between air pollution and circulatory 
hospitalizations, especially for IHD. Our results are consistent with those reported in 
previous Hong Kong studies examining the effects of pollution on hospital 
admissions for cardio-respiratory diseases (Lee et al. 2006; Ko et al. 2007a, 2007b; 
Wong CM et al. 1999, 2002; Wong GWK et al. 2001; Wong TW et al. 1999). 
However, in general, the effect estimates for each pollutant detected in our study 
were smaller in size compare with those in previous Hong Kong studies. The 
differences might be attributable to some several reasons. First of all, we estimated 
the single-day lag effects in this study which were necessary for examining the joint 
effects, while the estimated effects of multiday average concentrations of pollutants 
were always greater in magnitude than estimated effects of single day lags in most 
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cases. Secondly, we used more conservative scenarios in model specifications and df 
choosing to adjust for the confounding effects from weather factors such as 
temperature and relative humidity, which might also lead to lower effect estimates of 
air pollution. For example, we added two terms of temperature (mean temperature of 
current day, Temp0, and previous 3 days’ moving average, Temp1-3) and two terms of 
relative humidity (mean humidity of current day, Humidity0, and previous 3 days’ 
moving average, Humid1-3) into the core model. We also chose higher number of df 
(a df of 6) for temperature than that for humidity (a df of 3) in order to capture the 
well-known “J-shape” nonlinear relationship between temperature and morbidity 
(Bell et al. 2005; Peng et al. 2006, 2008).  
4.4.1.2 Interactions between particulate matter and gaseous pollutants 
In this study, we used three parallel time series approaches (bivariate surface model, 
joint effect model and parametric stratified model) to examine the possible 
interactions between PM10 and gaseous pollutants on the emergency 
cardio-respiratory hospitalizations. 
4.4.1.2.1 Interactions between PM10 and NO2 on cardiac hospitalizations 
Results showed that the joint effects patterns for PM10 and NO2 were similar on 
emergency hospital admissions for CIR and its subsets (Figure-18), and the greatest 
joint effects were the mixture when PM10 and NO2 concentrations were both at high 
levels (Table-17). NO2 modified the effects of PM10 on emergency hospital 
admissions for cardiac diseases, and vice versa (Table-18,19). Three parallel 
approaches produced consistent results and supported synergy between PM10 and 
NO2 on emergency cardiac hospitalizations. 
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The bivariate response surface approach is flexible for examining interactive effects 
between two continuous predictors on the dependent variable without a rigid linear 
assumption and has been used in several previous air pollution studies (Ren et al. 
2006; Roberts 2004). We used it to show the pattern of joint effect graphically. 
However, it cannot provide the parametric estimates and so makes it difficult to 
judge whether effect modification has occurred or not. Another two approaches (the 
joint effect model and parametric stratified model) would provide the quantitative 
estimates and we used them to estimate the joint effects of PM10 and NO2 
parametrically and the modified effects of one pollutant on the other. 
Synergy is defined as occurring if the effect of the combined exposure is greater than 
the sum of the effects of two or more individual components in the mixture. It is 
necessary to have estimates on both the individual and the combined effects to 
evaluate the presence of the synergism (Mauderly and Samet 2009; Rothman KJ et al. 
2008). Sometimes synergy is used loosely and considered as the case where none of 
the mixture components has an effect when given alone, but exposure to the mixture 
produces some response (Schlesinger 1995). The real-world conditions in 
environmental epidemiological studies make it very complex to estimate the effects 
of several pollutants separately and in combination simultaneously. We resorted to 
joint effect model that had been commonly used in traditional epidemiological 
studies (Tse et al. 2011; Wang et al. 2009) by dividing the pollutant concentrations 
into three categories and creating a new categorical variable PNlevel to denote the 
nine different combinations of PM10 and NO2 as a mixture. Using the combination of 
two pollutants both at low levels as the relative non-exposed (reference) group, we 
estimated the effect of the combination of two pollutants both at high levels as the 
joint effect of the combined exposure. At the same time, we estimated the effects of 
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combinations of one pollutant at high level and another pollutant at low level as the 
effects of the individual exposures. So we could estimate whether synergy occurred 
or not by calculating the synergy index, which was defined as the ERR of the 
combined exposure group divided by the sum of the ERRs of the individual exposure 
groups. We found no significant effects of individual exposures but much greater and 
statistically significant effects of combined exposure, and the synergy indices on 
emergency hospital admissions for CIR, HD and IHD were much higher than 1 
(Table 17), which suggested some synergistic interactions between PM10 and NO2 
for cardiac hospitalizations. Further analysis using parametric stratified model 
evaluated the modified effects of NO2 on PM10 (Table 18) and the modified effects 
of PM10 on NO2 (Table 19). The effects of PM10 were greater during the days with 
high NO2 level and the effects of NO2 were also greater during the days with high 
PM10 level, providing further evidence of the synergy between PM10 and NO2 on 
emergency hospital admissions for cardiac diseases. 
Many epidemiological studies confirmed the adverse effects of PM10 or NO2 on 
mortality and morbidity, however, the effect of a single pollutant could sometimes be 
seen as a proxy for another air pollutant or for a mixture of air pollutants. It is not 
always possible to identify, in the presence of several pollutants in a complex 
atmosphere, whether an interaction is present, and, if so, the exact type of interaction. 
Exposure to gases and particles mixtures may result in respiratory tract or 
cardiovascular responses which are simply additive, or reflect synergistic or 
antagonistic interactions (Schlesinger 1995). Few epidemiological studies examined 
the interaction between PM10 and NO2 and the evidence so far is inadequate and 
controversial (Hong et al. 2002; Ponka et al. 1998; Simpson et al. 1997; Sunyer and 
Basagana 2001; Wong TW et al. 1999). A study in Seoul examined the interaction 
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between particulates and gaseous pollutants (Hong et al. 2002). Authors reported the 
ERR for each interquartile range in NO2 increased from 2.8% to 3.2% when PM10 
concentrations were changed from below to above the median level (67.6 µg/m3) in 
the model. At the same time, the ERR for PM10 decreased from 4.8% to -1.5% when 
NO2 concentrations were changed from below to above the median level (59.0 
µg/m3). Authors drew the conclusion that PM10 and gaseous pollutants were 
interactive with respect to their effects on the risk of stroke mortality, but the 
direction of the interaction (effect modification) seemed to be inconsistent in that 
study. A previous Hong Kong study detected some significant positive interactions 
between NO2, O3, and PM10 on hospital admissions for cardio-respiratory diseases 
(Wong TW et al. 1999). The authors explored interactions between pollutants using 
pairwise analyses by entering two pollutants and their interaction term into the model. 
Each pollutant was analyzed as a continuous variable with the other pollutant as a 
dichotomous variable using the median as the cutoff point, which was similar to the 
approach we used in the parametric stratified model. However the authors did not 
show different effects of one pollutant across the high/low levels of the other 
pollutant. Another study reported no interactions between particles and gaseous 
pollutants on mortality in patients with COPD, based on the absence of statistical 
significance for the product terms (both pollutants as continuous variables and all 
interaction terms had a P-value > 0.5) (Sunyer and Basagana 2001). There was also 
no evidence of interactions between PM and gaseous pollutants on daily mortality in 
Brisbane, Australia (Simpson et al. 1997). In the above mentioned studies that 
examined the joint effects between PM10 and NO2, results were inconsistent and 
inclusive, and the statistical approaches and power might not be adequate. 
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In the studies of Air Pollution and Health: A European Approach 2 (APHEA2), 
researchers examined the short-term effects of ambient particles on total mortality in 
29 European cities with emphasis on effect modification (Aga et al. 2003; 
Katsouyanni et al. 2001). Authors identified that long term NO2 concentration as the 
most important effect modifier: the effect of an increase of 10 μg/m3 in PM10 ranges 
from 0.19% (95% CI = 0.00-0.41%) in cities with low long-term average NO2 (about 
40µg/m3) to 0.80% (95% CI = 0.67-0.93%) in cities with high long-term average 
NO2 (about 70µg/m3). These studies supported our findings about the synergistic 
interactions between PM10 and NO2 in another way. The later APHENA study (Air 
Pollution and Health: A Combined European and North American Approach) 
demonstrated that the effect modification by other pollutants differed in Europe and 
the United States: higher levels of NO2 and a larger NO2:PM10 ratio were associated 
with a greater PM10 effect on mortality in Europe; this pattern was also present in the 
United States but was less pronounced (Katsouyanni et al. 2009; Samoli et al. 2008).  
The underlying mechanisms linking air pollutants to increased cardiovascular risk 
have been studied. An investigation showed that both PM10 and NO2 were associated 
with changes in the global coagulation function and suggested a tendency towards 
hypercoagulability after short-term exposure to air pollution, which might contribute 
to trigger cardiovascular events (Baccarelli et al. 2007). Some other researchers 
suggested that higher PM10 or NO2 concentrations are associated with lower cardiac 
autonomic control, and highlighted a putative mechanism through which air pollution 
is associated with cardiovascular diseases (Liao et al. 2004). Nemmar et al. even 
found that the smallest particles could translocate from the lungs into the circulation 
and thus influence cardiovascular endpoints more directly (Nemmar et al. 2002). 
However, the mechanisms underlying specific interaction between PM10 and NO2 are 
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not very clear. An early animal study examined the mechanism of physical 
adsorption hypothesis and suggested the particles served as carriers for nitrogen 
dioxide, delivering this irritant gas to localized areas within the lungs where the 
particles deposited (Boren 1964). This was an early example of synergism. We used 
the same lag0 exposure of PM10 and NO2 to examine the interaction, mechanisms 
through the chemical reaction in the exposure atmosphere or on a particle surface, or 
through the alteration of the pulmonary environment were also suggested to explain 
the interaction between particle and gaseous pollutants (Schlesinger 1995). A recent 
experimental study in patients with stable coronary heart disease and impaired left 
ventricular systolic function found the lack of effect of NO2 exposure alone on heart 
rate variability and further supported our findings on the synergism (Scaife et al. 
2012). Experimental studies found that combination of NO2 with respirable acidic 
aerosols would demonstrate interactive effects on rat lungs (Last and Warren 1987). 
However, results on the joint effects between PM10 and NO2 on respiratory 
hospitalizations were inconsistent with those on circulatory diseases. The synergy 
index on COPD was less than 1, with a value of 0.43. NO2 level modified the effects 
of PM10 on COPD hospitalization, showing the greatest PM10 effect on the days with 
low NO2 level. PM10 level also modified the effects of NO2 on COPD hospitalization, 
showing the greatest NO2 effect on the days with low PM10 level. Results suggested 
the potential antagonism between PM10 and NO2 on COPD hospital admissions. The 
underlying mechanisms linking this antagonistic interaction were still unknown. 
Further epidemiological studies are needed to be conducted in other settings to check 
whether these conflicting results were chance occurrences. Experimental studies are 
also needed to test the interactions between PM10 and NO2 at low concentrations 
similar to environmental exposures to explore the possible mechanisms. 
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4.4.1.2.2 Interactions between PM10 and O3 on cardio-respiratory hospitalizations 
Results showed that the greatest joint effects of PM10 and O3 on cardio-respiratory 
hospitalizations were not in the category when PM10 and O3 were both at high levels 
(Figure-19, Table-20). Ozone modified the effects of PM10 on almost all subsets of 
emergency cardio-respiratory hospital admissions with statistical significance except 
asthma (Table-21). Evidences of PM10 being a modifier of the effects of ozone were 
found on emergency hospitalizations for total respiratory diseases and COPD, but not 
on the circulatory endpoints (Table-22). Three parallel approaches produced similar 
results about the antagonistic interactions between PM10 and O3 on cardio-respiratory 
hospitalizations. 
We used emergency hospital admissions from all and several dominant causes of 
cardio-respiratory diseases as health outcomes to examine the consistency of the 
findings. In general, results were consistent except when we examined the effects of 
O3 across the different levels of PM10. PM10 modified the O3 effects on all respiratory, 
and COPD admissions, but not on the circulatory outcomes and three subsets. The 
main reason for this phenomenon might be attributed to that we chose a priori 
exposure at lag0 for ozone but the overall effects of lag0 ozone on emergency hospital 
admissions for circulatory diseases and its subsets were statistically nonsignificant in 
single-pollutant models. 
Several epidemiological studies examined the interactions between PM10 and O3 but 
the evidences are quite inadequate and controversial. Some researchers reported 
harmful interaction at high concentrations (higher than 90th or 95th percentiles) of 
PM10 and O3. A study in Moscow, Russia found on the days with O3 concentrations 
above the 90th percentile (41µg/m3), PM10 risk for all-cause mortality was threefold 
 110
greater and for cerebrovascular disease mortality was fourfold greater (Revich and 
Shaposhnikov 2010). A study in Shanghai, China found PM10 concentrations above 
95th percentile (225.7µg/m3) would significantly increased the effect of O3 on total 
mortality (Chen et al. 2007). Another study in Helsinki, Finland found high 
concentrations of PM10, ozone, and nitrogen dioxide had a further harmful additive 
effect on mortality (Ponka et al. 1998): concentration of O3 increased the influence of 
PM10, NO2, and SO2, especially when the O3 concentration was high (i.e., >42µg/m3, 
90th percentile). A study using median as cut-off point found no significant effect of 
PM10 during the days when O3 levels were below the median (116.7ppb, 
228.7µg/m3), while a significant effect of PM10 was found on days when O3 
concentrations exceeded the median, suggesting a synergic effect of PM10 and O3 on 
respiratory mortality on days when ambient O3 levels are high (Tellez-Rojo et al. 
2000). However, a study conducted in Brisbane, Australia accounted for interaction 
effect by introduction of a dummy day variable for “low” and “high” value of 
gaseous pollutants (“high” value for the highest 10% of the data), and found no 
apparent interactions between particulates and gaseous pollutants on mortality 
(Simpson et al. 1997). Sunyer et al. also reported no interaction between particles 
and gaseous pollutants in Barcelona because all interaction terms had a P-value 
larger than 0.5 (Sunyer and Basagana 2001). All these studies got very different 
results from ours. The varied findings might be attributable to many factors, such as 
the different study populations, different pollution compositions and concentrations 
range, different end-points examined, and most of all, the inadequate statistical 
approaches and less statistical power to detect interaction. In the above mentioned 
studies, three of them chose the 90th or 95th percentiles as cut-off points and two of 
them detected the interaction between PM10 and O3 at very high concentrations, i.e., 
PM10 higher than 225.7µg/m3 or O3 higher than 228.7µg/m3 which well exceeded the 
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pollution concentration range in Hong Kong and other developed countries. There is 
uncertainty whether effects at high concentrations will occur at lower pollutant levels 
normally found in ambient air.  
Our findings were consistent with a study conducted in Seoul to examine the 
interaction between particulates and gaseous pollutants. Authors found that these 
pollutants are interactive with respect to their effects on the risk of stroke mortality 
(Hong et al. 2002). The ERRs for an interquartile range increase of O3 (32.8 µg/m3) 
decreased from 5.5% to -2.5% when PM10 concentrations were changed from below 
to above the median level (67.6 µg/m3). The relative risks for PM10 also depended on 
the different concentrations of gaseous pollutants. Another cohort study examining 
the effects of ambient air pollution on school absenteeism due to respiratory illness 
reported that the short-term effects of a 20-ppb change of O3 on illness-related 
absenteeism were much greater in communities with lower levels of PM10 compared 
with communities with high levels (>=35µg/m3 in annual mean) of PM10. Authors 
suggested long-term exposure to elevated levels of PM10 decrease acute response to 
O3 and PM10 act as effect modifier for the short-term effects of ozone (Gilliland et al. 
2001). The APHENA study, bringing together data from the European APHEA and 
U.S. NMMAPS projects, along with Canadian data, observed a smaller PM10 effect 
on mortality among the elderly in the US cities with higher O3 levels (Katsouyanni et 
al. 2009; Samoli et al. 2008). These studies might help explain our findings about the 
antagonistic interaction between PM10 and O3. 
It is biologically plausible for the interactions between PM10 and O3 on 
cardio-respiratory hospitalizations. The experimental data were consistent with the 
epidemiological evidences for the acute pulmonary effects of ozone and respirable 
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particulate matter and suggest a possible paracrine /endocrine disruption mechanisms 
induced by particles exposure (Bouthillier et al. 1998). Combined air pollution 
particles and ozone exposure increased airway responsiveness in mice (Goldsmith et 
al. 2002), PM2.5 plus ozone impair vascular function and raised diastolic blood 
pressure (Brook et al. 2009), decreased heart rate variability (HRV) and led to poor 
cardiac autonomic function (Power et al. 2008). A study that examined the 
interaction between ozone and airborne particulate matter in office air (Molhave et al. 
2005) found the combined exposure caused significantly more effects than either 
ozone exposures or dust exposures, and the effects could be measured as release of 
cytokines and changes of the respiratory function. Some other researchers indicated 
that ozone and particulate matter independently regulate the expression of lung 
endothelin system genes, but show complex toxicological interaction with respect to 
plasma endothelin ET-1, a prognostic indicator of cardiac mortality (Thomson et al. 
2005). Several experimental studies also reported the synergistic interactions of 
ozone and respirable aerosols on rat lungs (Adamson et al. 1999; Kleinman et al. 
2000; Last JA et al. 1986; Vincent et al. 1997; Warren DL and Last JA 1987; Warren 
DL et al. 1986, 1988). 
Differences in dose and dose pattern are key caveats in extrapolating these laboratory 
findings to environmental exposures. Nearly all of the laboratory studies involved 
high concentrations that are not reflective of typical environmental exposures 
(Mauderly and Samet 2009). It is hard to relate different studies performed under 
different conditions of toxicant concentration and exposure duration. It is also hard to 
extrapolate the results of experimental studies to “real-life” while the exposure level 
is much lower and the subjects are in different sensitive characteristics. Any 
description of interactions is really valid only for the specific conditions of the study 
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in question, and cannot be generalized to all conditions of exposure to a particular 
pollution mixture (Schlesinger 1995). 
4.4.1.2.3 Interactions between PM10 and SO2 on cardiac hospitalizations 
The bivariate response surfaces did not show any clear joint effect patterns for PM10 
and SO2 on circulatory hospitalizations (Figure-20). The greatest joint effect was the 
mixture when PM10 and SO2 were both at high levels (Table-23). SO2 modified the 
effects of PM10 on emergency hospital admissions for cardiac diseases (Table-24), 
however, evidences of PM10 being a modifier of the effects of SO2 were not found 
(Table-25). 
We used the joint effect model (Tse et al. 2011; Wang et al. 2009) by dividing each 
pollutant concentration into three categories and creating PSlevel to denote the nine 
different combinations of PM10 and SO2 as a mixture. Using the combination of two 
pollutants both at the low levels as the relative none-exposure reference group, we 
estimated the effect of the joint exposure and the effects of the individual exposures 
approximately. So we could estimate the synergy occurred or not by comparing the 
joint effect with the sum of the individual effects. We found the effects of combined 
exposure to PM10 and SO2 were higher than the sum of individual effects on 
emergency hospital admissions for CIR, HD and IHD, with the synergy indices all 
higher than 1, showing some synergistic interactions between PM10 and SO2 for 
cardiac hospitalizations. Further analysis using parametric stratified model showed 
the modified effects of SO2 on PM10 (Table-24), providing some more evidences of 
the synergy between PM10 and SO2 on emergency hospital admissions for cardiac 
diseases. 
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Many epidemiological studies have confirmed the adverse effects of PM10 and SO2 
on cardiovascular mortality and morbidity. However, few epidemiological studies 
examined the interactions between PM10 and SO2 and the evidences are quite 
inadequate and controversial (Hong et al. 2002; Spix and Wichmann 1996; Touloumi 
et al. 1996; Vigotti et al. 1996; Zmirou et al. 1996). The study conducted in Seoul 
examined the interaction between particulates and gaseous pollutants on stroke 
mortality (Hong et al. 2002). Authors reported the ERR for each interquartile range 
in SO2 increased from 1.3% to 3.8% when PM10 concentrations were changed from 
below to above the median level (67.6 µg/m3) in the model. At the same time, the 
ERR for PM10 decreased from 1.7% to 0.5% when SO2 concentrations were changed 
from below to above the median level (17.8 µg/m3). Authors drew the conclusion 
that PM10 and gaseous pollutants were interactive with respect to their effects on the 
risk of stroke mortality. However, it seems inconsistent about the direction of the 
interaction in this study. Several APHEA studies in Europe identified some 
interactions between particulate matter and SO2. A study in Lyon, France found 
when PM13 concentrations were greater than 60 μg/m3, the joint SO2 effects on 
mortality were increased (Zmirou et al. 1996). A study in Athens, Greece observed a 
stronger effect of SO2 on daily total mortality when the levels of BS were higher than 
100μg/m3 (Touloumi et al. 1996). A study in Milan, Italy found the effects of TSP on 
respiratory hospital admissions were stronger when SO2 was higher than 100μg/m3, 
and the effects of SO2 were stronger when TSP was higher than 100μg/m3 (Vigotti et 
al. 1996). These three European studies suggested some synergy between particulates 
matter and SO2 on mortality or hospital admissions. However, another APHEA study 
conducted in Koln, Germany got the opposite findings. Authors reported that the 
effects of SO2 on daily total mortality were stronger when TSP was below 100μg/m3 
or PM7 was below 60μg/m3. The effects of particles also tended to be stronger when 
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daily mean SO2 was below 100μg/m3, suggesting some antagonism (Spix and 
Wichmann 1996). The interactions between PM and SO2 were inconsistent and 
controversial. Moreover, these four APHEA studies used data almost twenty years 
ago. During that period from 1975 to 1990, the median value of SO2 for several 
APHEA cities was around 60μg/m3 which was much higher than that in other 
developed countries nowadays.  
The underlying mechanisms linking air pollutants to increased cardiovascular risk 
have been studied. An investigation showed that short-term exposure to air pollution 
is associated with changes in the global coagulation function and suggested a 
tendency towards hypercoagulability, which might contribute to trigger 
cardiovascular events (Baccarelli et al. 2007). Some other researchers suggested that 
higher PM10 and gaseous pollution concentrations are associated with impaired 
cardiac autonomic control (Liao et al. 2004) and systemic inflammation (Thompson 
et al. 2010), and highlighted the putative mechanisms through which air pollution is 
associated with cardiovascular diseases. Vehicle derived inhaled SO2 exposure was 
found to likely reduce cardiac vagal control, a response that would be expected to 
increase susceptibility to ventricular arrhythmia (Routledge et al. 2006). Nemmar et 
al. found that the smallest particles could even translocate from the lungs into the 
circulation and thus influence cardiovascular endpoints more directly (Nemmar et al. 
2002). However, the mechanisms underlying specific interaction between PM10 and 
SO2 are not very clear. Mechanisms through the physical adsorption and chemical 
reaction in the exposure atmosphere or on a particle surface, or through the alteration 
of the pulmonary environment were suggested to explain the interactions between 
particles and gaseous pollutants (Schlesinger 1995). Kleinman reported there was a 
slight tendency for human respiratory symptoms of both upper and lower airway to 
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be greater during the exposure to the mixture of SO2, NO2 and airborne particulate 
matter, suggesting some interactions between these pollutants (Kleinman et al. 1985).  
We recognize that air pollution exists as a complex mixture and that effects attributed 
to PM10, O3, NO2 or SO2 may be influenced by the underlying toxicity of the full 
mixture of all air pollutants. These pollutants are further transformed by processes in 
the atmosphere. For example, ground level ozone is a secondary pollutant produced 
by the interaction of sunlight with nitrogen dioxide and volatile organic compounds. 
In addition, NO2 and other nitrogen oxides also contribute to the generation of ozone 
and other oxidant pollutants; NO2 and SO2 are precursors of the formation of nitric / 
sulfuric acid and subsequently the nitrate/sulfate components of PM. These 
secondary nitrates and sulfates contribute to the toxicity of cardiovascular effects of 
PM (Ito et al. 2011; Ostro et al. 2008). The observed synergetic interactions between 
PM10 and NO2 / SO2 on cardiovascular diseases or the antagonistic interaction 
between PM10 and O3 on cardio-respiratory diseases in this study might be due to the 
different PM10 components across different levels of gaseous pollutants, which needs 
to be further studied. 
4.4.2 Strengths and limitations of this study 
There are two major strengths in this study. Firstly, to our knowledge, this study is 
the largest single city study to date examining the joint effects of PM10 and gaseous 
pollutants on emergency hospital admissions for cardio-respiratory diseases, with 
over 1.4 million hospital admissions spreading over a period of 10 years. We used 
multiple health end-points of respiratory and circulatory diseases, which were 
abstracted from the reliable central-computerized source of hospital admission data 
for over 90% of the population in Hong Kong and found the synergy between PM10 
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and NO2 or SO2 occurred on emergency cardiac hospitalizations. We also found the 
antagonism between PM10 and ozone on emergency cardio-respiratory admissions. 
Secondly, we performed three parallel time series approaches to examine the joint 
effects and interactions, which produced consistent results and strengthened the 
validity of our findings. It was the first time that we introduced the joint effect model 
into the time series air pollution study, which was commonly used in the traditional 
epidemiological studies to examine interaction, by calculating the synergy indices to 
estimate whether the synergy or antagonism occurred or not. 
However, some key limitations should also be noted. Firstly, caution is needed to 
interpret any time series studies within a single location. This study was conducted in 
Hong Kong with a subtropical climate. Compared with the Global Air Quality 
Guidelines set by World Health Organization (50 μg/m3 for 24- hour mean of PM10, 
40 μg/m3 for annual mean of NO2, 20 μg/m3 for 24- hour mean of SO2, and 100 
μg/m3 for 8- hour mean of O3) (WHO, 2005), the PM10 and NO2 level in Hong Kong 
was quite high. During our study period from 1998 to 2007, nearly half of the days 
(46.1%) recorded PM10 concentrations higher than 50 μg/m3, 80.1% of days had NO2 
concentrations higher than 40 μg/m3 and 36.3% of days had SO2 concentrations 
higher than 20 μg/m3, while only 2.3% of days recorded O3 concentrations higher 
than 100 μg/m3. The results of this study may not be generalized to other places with 
different pollution compositions and concentration range. Secondly, we chose tertiles 
as the cutoff points, considering the statistical power and choosing a relatively low 
exposure reference group. Although we also tried quartiles or quintiles as cutoff 
points and got similar results (data not shown), choice of cutoff points was still 
somewhat arbitrary and might not reflect the underlying biological mechanisms. 
Thirdly, we used the same lag0 exposure for all pollutants while examining the 
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interaction. However, the effects of the ambient pollution on different subsets of the 
cardio-respiratory outcomes might involve different lags, and this could 
underestimate the true interaction. Fourthly, as an ecological time series study, bias 
from exposure misclassification due to the lack of individual exposure measurement 
might reduce the opportunity to detect the interaction or distort interaction 
assessment. Finally, we estimated the joint effects of the PM10 and the gaseous 
pollutants one at one time and ignored the effects from other gaseous pollutants. Air 
pollution including particulate matter and gaseous pollutants as a complex mixture 
should be further studied. 
 119
4.5 Conclusion and recommendations 
In conclusion, we found synergistic interactions between PM10 and NO2 or SO2 on 
emergency cardiac hospitalizations in Hong Kong. We also found antagonistic 
interactions between PM10 and O3 on cardio-respiratory hospitalizations, and 
possible antagonism between PM10 and NO2 on COPD admissions. These findings 
may have important implications in the assessment of the adverse effects of air 
pollutants and contribute to the development of a foundation for multi-pollutant air 
quality management. Intuitively, people believe that the harmful effects of air 
pollutants should be additive, environmental authorities in some countries, e.g. 
Canada, France (Cairncross et al. 2007; Sicard et al. 2011, 2012) have adopted so 
called ‘Aggregate Risk Index’ for risk assessment and risk communication. Findings 
on interactions in the present study should call for a review on the validity of such a 
conventional/intuitive approach. However, it is necessary to determine whether a 
consistent finding could be found in other settings. Experimental studies are also 
needed to test the interactions between PM10 and gaseous pollutants at low 
concentrations similar to environmental exposures in modern cities, and to explore 
the underlying mechanisms involved. 
 120
Chapter 5  Concluding remarks 
Particulate matter pollution is a great public concern for its extensive adverse effects 
on population health. Only in recent years have researchers begun to separately 
address the health effects of the coarse particles, because PMc were initially 
considered as potentially less toxic than fine particles and the PMc measurement data 
were scarce. In this series of studies related to particulate air pollutants, we 
conducted time series analyses to estimate the differential effects of PM2.5 and PMc 
simultaneously on emergency hospital admissions for respiratory and circulatory 
diseases in Hong Kong, after adjusted for all time varying confounders and taking 
into account the gaseous pollutants. We found significantly positive associations with 
both PM2.5 and PMc on respiratory diseases and the much stronger and significantly 
positive associations with PM2.5 than PMc on cardiac diseases. Our findings added to 
the growing body of literature about the adverse health effects of PMc and the 
different health effects of the two fractions of PM10. 
Air pollution is a complex mixture of particles and gaseous pollutants. Multipollutant 
approach to quantify the health consequences of air pollution mixture as a whole 
requires an understanding of the joint effects or interaction between pollutants. The 
evidence from epidemiological studies in the literature about the interaction between 
PM10 and gaseous pollutants was quite inadequate and inconclusive. In the present 
series of studies, we used three time series approaches (bivariate response surface 
model, joint effect model and parametric stratified model) to examine the joint 
effects of PM10 and gaseous pollutants one by one. We found synergistic interactions 
between PM10 and NO2 or SO2 on emergency cardiac hospitalizations in Hong Kong. 
We also found antagonistic interactions between PM10 and O3 on cardio-respiratory 
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hospitalizations, and possible antagonism between PM10 and NO2 on COPD 
admissions.  
These findings provide supportive evidence for separately regulating PMc in the 
future and contribute to the development of a multi-pollutant air quality risk 
assessment and management system. Current air quality health risk assessment in 
Hong Kong uses the air pollution index (API) that assumes health effects from the 
single-pollutant model. Our findings on interactions in the present study suggested 
that multi-pollutant model should be better than this conventional/intuitive approach. 
Future studies are needed to elucidate the toxicological differences linked to the 
different chemical compositions of PM10 across different gaseous pollutant levels, 
and to set up an appropriate multi-pollutant prediction model which takes into 
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